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Abstract 
Composite pressure vessels (CPVs) fabricated using a metal or plastic liner under a composite 
structural skin are commonly used for natural gas storage on road vehicles. The composite 
skin, which is usually made of high strength carbon (or glass) fibre-epoxy composite, is the 
primary structural component of the vessel. In the past decade, accidents due to catastrophic 
rupture and explosive failure of CPVs have occurred, which is attributed to a lack of 
knowledge about the damage tolerance and useful life of these vessels. In part, this is because 
there is no reliable structural health monitoring (SHM) technique for evaluating the structural 
integrity of the vessels. Structural health analysis involves the assessment of the damage 
condition of the structure using a reliable damage detection system. The information can then 
be used to evaluate the longer-term health condition of the structure by comparing the current 
damage condition with the amount of damage likely to be incurred over the operating life-
time. However, the knowledge about long-term behaviour of composite pressure vessels used 
on road vehicles is limited. Due to this ‘gap’ in the knowledge about long-term damage 
process of CPVs, the aim of this PhD project is on the damage analysis of in-service CPVs 
using acoustic emission monitoring.  
 
The first objective of this PhD project is to examine the possibility of using existing non-
destructive testing techniques for the structural health monitoring of CPVs. A comprehensive 
literature survey (presented in Chapter 2) was performed to evaluate the most promising types 
of damage detection techniques for CPVs: acoustic emission (AE), acousto-ultrasonics (AU), 
and strain monitoring (SM) using Bragg grating fibre optic sensors. AU and SM techniques 
may detect damage such as matrix cracking and delamination, however these methods often 
have difficulty in detecting microscopic levels of fibre rupture, which is the principle damage 
process controlling the catastrophic failure of CPVs. AE can detect acoustic waves caused by 
fibre rupture, and therefore that technique may be suitable for the SHM of CPVs. Based on 
this hypothesis, objective of the PhD project was to assess the reliability of acoustic emission 
for the health monitoring of CPVs in terms of the initiation and progression of internal 
damage with a special focus given to the identification of fibre fracture events. Furthermore, 
the potential of performing life-time assessment to CPVs using AE was evaluated based on 
structural health monitoring analysis. 
 
The PhD project investigates the feasibility of AE for the SHM of CPVs used on road 
vehicles (presented in Chapter 3). Experimental characterisation of the AE signature 
Abstract 
 2 
properties of damage was conducted systematically using the constituent materials of carbon-
epoxy laminates used in CPVs (dry carbon bundles and unreinforced epoxy resin) and 
different carbon-epoxy laminates ([0], [90], [02/902]S and [902/02]S). The AE signals for fibre 
rupture and fibre/matrix debonding detected in [0] and [90] laminates have similar acoustic 
signature properties in terms of low amplitude, short duration, and high frequency acoustic 
responses. However, transverse matrix cracking was found to have much greater acoustic 
energy level that can be identified from other damage types (i.e. fibre cracking and 
fibre/matrix debonding). Despite the similarity in their AE signatures, fibre rupture and 
fibre/matrix debonding can be differentiated based on their different acoustic power 
spectrums. However, this discrimination technique cannot be applied to [02/902]S and [902/02]S 
laminates due to the change in the power spectrums. This analysis concludes that the AE 
discrimination method that involves the systematic characterisation of damage from different 
fibre pattern laminates, as reported in previous studies, is flawed and subject to error. The 
analysis also shows that a method for damage discrimination is dependent on the type of 
laminate lay-up. Proposing a damage discrimination method for laminates involving multi-
damage mechanisms is shown to be complicated. Although it is difficult to quantify different 
types of damage using AE due to the lack of a reliable damage discrimination method, AE 
still has the capability of monitoring the overall development of damage events in carbon-
epoxy laminates and therefore has potential use for the qualitative SHM of CPVs. 
 
The PhD project also investigated the suitability of AE to detect damage caused by 
operational (in-service) factors of CPVs. This includes structural instability analysis, loading 
scenario analysis, and humidity and temperature effect analysis (described in Chapter 4). 
Unidirectional carbon-epoxy laminate was tested to simulate the fibre rupture process in CPV 
since fibre breakage in the laminate caused by tensile loading is analogous to that occurring in 
a pressurised vessel. When the laminate was subjected to constant tensile loading to rupture, a 
slow rise in the number of AE hits (damage events) followed by a sudden and large, leading 
to tensile instability, was detected. Due to the effect of stochastic material properties, 
particularly variable fibre strength, the time-to-rupture under constant tensile loading can vary 
over a wide range of loading times. The transition point where tensile instability occurs is 
defined as the maximum damage threshold for the laminate, which can be characterised in 
terms of the number of accumulated AE hits. In other words, when the number of 
accumulated AE hits reaches the damage threshold level for the CPV, the vessel is expected 
to be close to failure. The critical number of AE hits can be used to define the safe operating 
life of a CPV. This analysis also showed the potential method of measuring the maximum 
Abstract 
 3 
damage threshold of laminate material used in CPV using AE, which could be applied to 
determine the residual life-time of CPVs in damage prognosis analysis. 
 
Composite pressure vessels used for fuel storage on road vehicles are subjected to a 
combination of cyclic and constant pressure loading. The effect of these two loading 
conditions on damage development was examined using [0] carbon-epoxy laminate 
specimens. The amount of damage (AE hits) was found to increase at a log-linear rate with 
time when the laminate was subjected to either cyclic or constant tensile loading. Since the 
rate of damage development can be characterised as a function of the accumulation rate of AE 
hits, this shows the potential for AE in estimating the future damage rate with further loading. 
Furthermore, it is shown that the amount of pre-existing damage to a laminate caused by 
previous loading scenarios can be identified using the Kaiser effect behaviour. This behaviour 
exhibits a small rise followed by a sudden increase in the number of AE hits when the 
laminate is subjected to monotonic tensile loading. This is because fibre rupture is an 
irreversible process, and new fibre breakage can develop only when the previous maximum 
damage level for the laminate is exceeded. The research shows the potential of AE monitoring 
the damage content for a laminate. 
 
Composite pressure vessels used on road vehicles can experience various environmental 
conditions during operation. The project also investigates the effect of temperature level on 
the damage to laminates using AE. Operating temperature can have a large influence on the 
damage development in CPVs. Under constant tensile loading, the number of AE hits detected 
for the laminate increased sharply when the glass transition temperature (Tg) was exceeded. 
This was because thermal softening of the polymer matrix reduces the efficiency of the shear 
lag process resulting in a faster rate of fibre ruptures. This effect was identified using AE 
monitoring.  
 
The PhD project numerically analysed the fibre breakage mechanism in unidirectional carbon-
epoxy laminates with the consideration of stochastic fibre strength and fibre volume fraction 
properties, using a finite element approach (presented in Chapter 5). A multi-scale modelling 
approach was used to study the structural stability of a CPV based on progressive fibre 
ruptures in a representative volume element cell of the carbon-epoxy material at the 
microscopic scale. Both experimental and FE results indicate that the fibre rupture process is 
the critical damage parameter in the evaluation of residual life of CPVs. In the FE analysis, 
material variability due to stochastic fibre strength and fibre volume fraction properties was 
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characterised using a probability-based approach. The random fibre strength and fibre volume 
fraction properties were found to have little effect on the bulk tensile properties of the 
laminate, although it was discovered that a slight variation in material properties can 
significantly affect the long-term tensile performance of the material. The PhD thesis 
proposes a FE method to estimate the maximum useful life of a carbon-epoxy laminate with a 
given failure probability, and this approach can be extended to consider the time-dependent 
failure of CPVs.  
 
The last part of the PhD project assesses the overall feasibility of AE monitoring for CPVs.  
Experimental characterisation of damage in two types of CPVs was performed using acoustic 
emission (presented in Chapter 6). Constant pressure tests following cyclic pressure loading 
were performed to evaluate the structural integrity of CPVs. It was difficult to identify fibre 
breakage in the CPVs since multiple damage mechanisms occurred concurrently. Therefore, 
the CPVs were monitored for global damage development rather than the development of 
discrete damage types. Similar to a [0] laminate, a significant rise in the number of AE hits 
was detected in the CPV during the constant pressure test, when a large number of failure 
events caused during the previous cyclic loading, lead to instability of the vessel. The PhD 
thesis demonstrates that AE can identify the structural instability and failure of pressure 
vessels even though it is unlikely to quantify the fibre breakage events.  
 
The key outcomes and original contributions of this work are as follows: 
!  Assessment of the ability of AE in discriminating and quantifying different types of 
damage as well as monitoring the global damage process in carbon-epoxy composites 
used in CPVs. 
! Assessment of the damage to carbon-epoxy laminates when subjected to operation-
related scenarios of CPVs, including constant tensile loading to rupture, cyclic tensile 
loading, and rising temperature. 
! Determination of the maximum damage threshold level for [0] carbon-epoxy 
laminates, which is a critical parameter in life-time analysis of CPVs using AE. 
! Identification of a potential method for evaluating the current damage condition of [0] 
laminates caused by previous loading, and from this estimating the future damage rate 
using AE. 
! Development of an accurate and validated multi-scale model for the fibre rupture 
process in [0] laminates which can analyse for the effects of stochastic fibre strength 
and fibre volume fraction. 
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! Assessment of the maximum service life-time of a [0] carbon-epoxy laminate for a 
given failure probability rate, with the considerations of stochastic material properties. 
The assessment method can be applied to predict the probability of failure of CPVs 
due to tensile failure of the load-bearing carbon fibres. 
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1.1. BACKGROUND TO PhD PROJECT 
Due to global industrialisation and population growth the consumption of fossil fuel has been 
rising at an increasing rate since the 19th century. As the demand for petroleum-based 
products increases then so does the fuel price. (The oil price was seven times higher in 2008 
than 2002 [1]). Most industry sectors, and in particular the automotive industry, are seeking 
an alternative energy to reduce the dependence on fossil fuels. As a renewable and 
“environmental friendly” fuel, hydrogen gas generated using a hydrogen fuel cell is being 
evaluated as an alternative fuel for road vehicles. Several large car manufacturers have been 
developing hydrogen-powered vehicles including Honda, Nissan and BMW, although the 
large-scale production of these vehicles will not occur until numerous technical and economic 
issues are resolved. At the moment, field testing of hydrogen-powered vehicles is in progress. 
For example, Figure 1.1 shows a commercial bus (Van Hool A330 FC) that has been modified 
to run on hydrogen.  
 
 
  
 
Figure 1.1: Modified Van Hool A330 FC bus, powered by hydrogen fuel cells. 
 
 
One of the important issues with the use of hydrogen energy on road vehicles is the safe 
storage of the fuel. While there are many ways to store hydrogen fuel on road vehicles, 
compressing the hydrogen gas and then storing it within a pressure vessel is one of the 
efficient storage methods in terms of energy density. Natural gas cylinders have been used in 
automobiles for many years, and from this a wealth of knowledge and experience in safe 
storage of gaseous fuels has been gained. However, the main difference between storing 
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natural gas and hydrogen gas is that hydrogen needs to be stored at much higher pressure in 
order to increase the energy density; the storage vessels for natural gas and hydrogen gas are 
typically designed for the pressure capacity of 25 MPa and 70 MPa, respectively. 
 
There are four types of pressure vessels used in the storage of fuel gas on automobiles. 
! Type I cylinder: Full metal pressure tank. 
! Type II cylinder: Metal pressure tank with the secondary structural reinforcement 
using composite skin. 
! Type III cylinder: Composite pressure tank with a non-structural metal internal liner. 
! Type IV cylinder: Composite pressure tank with a non-structural plastic internal liner. 
 
Pressure vessels for road vehicles were originally manufactured from high-strength steel 
(Type I cylinder). Problems with these vessels include their heavy weight and susceptibility to 
fatigue and corrosion damage. Fibre reinforced composite materials were introduced in the 
manufacture of pressure vessels to reduce the weight and maintain high mechanical properties 
(i.e. Types II, III and IV cylinders). The importance of composite material as a structural 
material in pressure vessels increases from the Types II to IV cylinders [2], and the 
composites used are carbon fibre-epoxy and glass fibre-epoxy laminates. Unlike steel 
cylinders, composite pressure vessels (CPV) exhibit superior fatigue performance and anti-
corrosion properties. Also, a reduction to the cylinder weight of 70-80% can be achieved for a 
composite vessel (Types III or IV cylinders) compared to a steel vessel [3]. This weight 
saving can significantly improve the fuel economy of natural gas for road vehicles.  
 
A composite pressure vessel (Types III or IV cylinders) is constructed with an internal liner 
overwrapped using a composite skin, as shown for example in Figure 1.2. The internal liner is 
used to prevent fuel leaking and, in the case of the Type III cylinder, is also used to contribute 
to the structural strength [2]. High-strength fibres impregnated with epoxy resin are wound on 
the geodesic path over the liner using a filament winding method to form the outer skin to the 
vessel. When the CPV is pressurised the reinforcing fibres are loaded in tension, and carry 
most of the applied tensile stress. Therefore, the structural integrity of pressurised composite 
vessels is governed by fibre damage. 
 
 
 
 
Chapter 1 - Introduction 
 9 
 
Figure 1.2: Metal liner and composite skin to a composite pressure vessel. 
 
 
Composite pressure vessels suffer from different types of damage when compared to 
conventional metal vessels. In general, a single dominant crack (often caused by fatigue or 
corrosion) is the main damage mechanism that leads to the rupture of metal cylinders whereas 
more complicated damage processes occur with CPVs. Since the load-bearing fibres in a 
pressurised cylinder are loaded in tension, fibre rupture is often the primary damage 
mechanism leading to rupture. The amount, distribution and location of fibre damage in the 
structural laminate determine the structural integrity of CPVs. Other types of damage such as 
matrix and delamination cracking can occur in CPVs, but they are often less detrimental to 
structural integrity than fibre damage. The different types of damage experienced by metal 
and composite vessels means that the wealth of experience and knowledge gained over many 
years with the damage monitoring of metal vessels cannot be directly applied to composite 
vessels.  
 
Another important issue in the use of CPVs in road vehicles is the lack of a reliable and 
proven structural health monitoring system. Knowledge about the long-term damage to the 
cylinder, particularly the fibre damage, throughout operating life-time is lacking. Visual 
examination is the only on-site inspection technique currently applied to compressed natural 
gas (CNG) cylinders, however it can only detect obvious surface damage to the composite 
skin. Internal damage such as fibre breaks, matrix cracks and delaminations cannot be 
visually observed. This causes a lack of confidence in determining the structural integrity and 
safety of composite vessels during in-service operation. As a result, unexpected rupture of 
CPVs may occur with little or no warning, which could possibly cause a catastrophic 
explosion. Therefore, it is necessary to identify the long-term damage behaviour of CPVs 
Aluminum liner 
Composite skin 
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during in-service operation on road vehicles, and then incorporate this knowledge into the 
development of a structural health monitoring system. 
 
1.2. AIMS AND SCOPE OF PhD PROJECT 
The aim of this PhD study is to analyse the damage processes of CPVs, particularly the 
development of fibre rupture, over the in-service lifetime. This information is used to develop 
a structural health monitoring system for CPVs based on acoustic emission (AE) monitoring.  
 
The main scientific objectives and research activities of this PhD project are as follows. 
1. Review current non-destructive techniques for damage monitoring of CPVs. Define the 
capabilities and limitations of the techniques with respect to their application to CPVs 
on road vehicles. Determine the suitability of NDT techniques for the structural health 
monitoring of CPVs. 
2. Review life prediction analysis techniques for life-time structural assessment, and then 
define the technical processes needed to perform damage prognosis analysis for CPVs.  
3. Determine the capability of AE (the NDT technique used in this PhD project) to detect 
the initiation and progression of damage in UD carbon-epoxy laminates which are 
representative of the structural materials used in CPVs. 
4. Analyse using AE the development of fibre damage in UD carbon-epoxy laminates 
subjected to various testing conditions which are related to the in-service conditions of 
CPVs on road vehicles. 
5. Develop a FE model that simulates the fibre rupture process in a UD carbon-epoxy 
laminate with consideration given to stochastic fibre strength and fibre volume 
properties. This model is capable of predicting the number of fibre ruptures that develop 
in a CPV subjected to internal pressurisation. 
6. Determine the effect of stochastic fibre strength and fibre volume properties of UD 
carbon-epoxy laminates on the tensile properties and the development of fibre damage 
under static tensile loading and constant tensile loading using the FE model. 
7. Analyse the damage behaviour of composite pressure vessel subjected to long-term 
cyclic pressurisation using AE. 
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1.3. STRUCTURE OF THE PhD THESIS 
A comprehensive literature review of composite pressure vessels and damage monitoring is 
presented in chapter 2. First, the technical aspects of the design and manufacture of CNG 
pressure vessels are described in this chapter. This includes a summary of the current 
regulatory standards for operating CPVs on road vehicles. Second, the potential damage 
processes to CPVs are discussed. Third, life prediction (damage prognosis) analysis 
techniques that may be applied to CPVs are described. Fourth, a feasibility analysis of 
contemporary NDT techniques for structural health monitoring of CPVs is performed. This 
involves a critical review of the capabilities and limitations of acoustic emission, acousto-
ultrasonics and strain monitoring using Bragg grating optical fibre sensors which have been 
proposed for CPVs. In conclusion, acoustic emission is determined to be the most feasible 
technique for the structural health monitoring of CPVs. 
 
An experimental study into the capability of acoustic emission to detect the initiation and 
progression of different types of damage in CPVs is presented in chapter 3. This study 
involves the characterisation of the acoustic signatures for different types of composite 
damage, including fibre ruptures, microscopic matrix cracks, and large transverse matrix 
cracks. To study these damage processes, various types of carbon-epoxy specimens – carbon 
fibre bundles; unreinforced epoxy specimen; [0], [90], [0/90/90/0] and [90/0/0/90] laminates – 
are used to study the AE signatures of specific types of damage . Methods to identify specific 
types of damage from the acoustic signals using damage discrimination procedures are 
assessed in the chapter. 
 
An AE study into the development of fibre ruptures due to different types of testing 
conditions which mimic the in-service operating conditions of CNG pressure vessels is 
presented in chapter 4. The operating conditions examined are cyclic tensile loading, constant 
tensile loading, and elevated temperature. The chapter assesses the suitability of AE to detect 
in-service damage caused by the different service conditions. As part of the assessment, an 
analysis method based on AE monitoring is presented to predict the long-term damage to the 
composite material used in CPVs. 
 
A numerical study into the effect of material variability on the tensile properties and damage 
to UD carbon-epoxy laminates used in CPVs is presented in chapter 5. A finite element model 
is developed to perform a numerical study to assess the effect of small variations in fibre 
strength and fibre distribution in carbon-epoxy laminates on the tensile properties and failure 
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mechanism. The fibre strength and fibre volume content were varied randomly through the 
laminate using Monte Carlo simulation. A multi-scale algorithm involving micro-mechanical 
and macro-mechanical models of UD carbon-epoxy laminates is used to analyse the 
development of fibre damage under different loading conditions, including increasing tension 
and constant tensile loading. Based on the analysis, a method is proposed of calculating the  
safety factor for the carbon-epoxy laminate used in CPVs which takes into account minor 
variations in material quality during manufacturing.  
 
An experimental study into damage monitoring of CPVs using AE is presented in chapter 6. 
The acoustic behaviour of CPVs due to increasing pressure and constant pressurisation are 
compared to that of the UD carbon-epoxy laminates studied in chapters 3 and 4. For damage 
monitoring analysis, the composite cylinders are subjected to a large number of pressure 
cycles simulating the operation of vessels on CNG vehicles for a service time of fifteen years. 
During the cyclic pressurisation, the structural integrity of the cylinder is periodically 
assessed using AE. A method of assessing structural integrity of CPVs is established in this 
chapter. 
 
The final chapter of the thesis (chapter 7) presents a summary of the research results and 
conclusions of the PhD study. 
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ABSTRACT 
Literature study on structural health monitoring (SHM) system for composite pressure vessels 
used for the storage of compressed fuel gas on road vehicles was performed in this chapter, 
and this survey was divided into four parts. The first part presents a thorough overview of 
composite pressure vessel (CPV) technology including technology evolution, design and 
regulatory standards, damage processes, and damage inspection methods of CPVs. The 
damage processes of CPV used on road vehicles are mainly caused by depressurisaiton and 
pressurisation loading due to depletion and replacement of fuel gas, and these damage loading 
could induce fibre break, intra-laminar and inter-laminar matrix crack, and delamination in 
the composite skin of cylinder. Visual inspection technique that examines the surface of 
composite skin of pressure cylinder for any visible damage is the primary inspection method 
employed in the field however is unlikely to provide any critical information of structural 
condition within the composite skin. Therefore, it is needed to develop a robust damage 
detection system that can monitor internal structure integrity of CPVs. The second part 
presents a review of damage prognosis analysis which is the next-generation structural health 
monitoring system. Damage prognosis involves the analyses of structural usage monitoring, 
structural health monitoring, and future damage estimation, and the ultimate goal of damage 
prognosis is to predict remaining useful life-time of a structure in a quantitative way. The 
third part presents a feasibility analysis of non-destructive technique (NDT) for damage 
detection system that may be applied to facilitate life-time prediction for CPVs. The three 
most promising types of NDT system being investigated for composite pressure vessels were 
reviewed, which are acoustic emission (AE), acousto-ultrasonic (AU), and Bragg grating 
optical fibre monitoring. The last part presents an evaluation analysis to select the most 
suitable damage detection technique for CPV used on road vehicles. Based on the analysis, it 
was appeared that AE is the most mature NDT system among the three for CPVs. Moreover, 
AE has the highest sensitivity and detection resolution to microscopic and macroscopic scale 
damages. Unlike AE, AU and Bragg grating optical fibre techniques are commonly applied to 
evaluate large-scale composite damage such as matrix cracks and delamination. Since the 
structural strength of CPV are primarily supported by composite skin containing high-strength 
carbon fibres overwrapped the cylinder, fibre break is the most critical damage affecting life-
time of the cylinder. Based on this review and critical analysis of the types of in-service 
damage to CPVs and the sensitivity of various NDT technologies to facilitate structural health 
monitoring, it was decided that this PhD project would focus on the further development of 
acoustic emission monitoring for the SHM of CPVs. 
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INTRODUCTION 
Traditional pressure vessels made of high strength steel have numerous problems when used 
in road vehicles, including excessive weight, corrosion, and fatigue damage [1-3]. As a 
solution to these problems, there has been increasing use of continuous fibre composite 
materials such as carbon fibre-epoxy composite. Carbon fibre composite provides pressure 
vessels with higher specific strength, superior fatigue performance and better corrosion 
resistance which extends the service life as well as reduces the weight.  
 
Safety, structural reliability, and inspection and maintenance costs are important 
considerations in determining whether a new material technology should be implemented into 
pressure vessels. Figure 2.1 shows that decreasing structural reliability over the operating life 
of an engineering component (such as a pressure vessel) is often accompanied with increasing 
maintenance cost [4]. The use of a structural health monitoring (SHM) system is often found 
to achieve a ‘win-win’ situation in which high structural reliability can be maintained over the 
service life without an increase to the maintenance costs. Structural heath monitoring has been 
defined by Hall [5] as the ‘acquisition, validation and analysis of technical data to facilitate 
life-cycle management decisions’. This definition implies two major features of an SHM 
system: the capabilities of damage diagnosis and damage prognosis. 
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Figure 2.1: Benefits of utilising SHM in terms of reliability and maintenance cost for end-users.  
(From Balageas [4]) . 
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The concept of SHM system applied to pressure vessels is analogous to non-invasive medical 
tests applied to humans [4]. The similarities between SHM and medical testing are listed in 
Table 2.1. SHM engineers work as ‘structural doctors’ to examine the health condition of 
structural components such as pressure vessels on a regular basis, provide corrective 
treatments when damage is detected, predict remaining useful life-time of the structure, and 
make decisions about whether to continue operation or remove the structure from service. 
Using this SHM approach, the service life of structures can be maximised while minimizing 
the through-life maintenance costs.  
 
 
Table 2.1: Similarities between medical activities and structural health monitoring. 
Medical activities Structural health monitoring 
Goal: Prolonging human life-time and increasing 
health condition 
Goal: Prolonging useful service life-time of 
structure and maintaining structural integrity 
Target: Human body Target: Structure 
Doctors SHM engineers 
Diagnosis techniques: 
• Ultrasonic 
• Radiography 
• Blood testing 
• Tomography 
• Infrared imagining 
• Posturography 
• Virtual colonoscopy 
• Elastography 
Damage detection techniques: 
• Acoustic emission 
• Strain monitoring 
• Vibration analysis 
• Bragg grating optical sensors 
• Acousto-ultrasonics 
• Comparative vacuum monitoring 
 
 
This chapter presents a literature survey into composite pressure vessels and their structural 
health monitoring analysis using non-destructive testing (NDT) methods. The literature 
review consists of three major sections: (i) overview of composite pressure vessel (CPV) 
technology; (ii) damage prognosis analysis for CPVs; and (iii) structural health monitoring 
systems for CPVs. 
 
An objective of this review is to identify candidate NDT systems that can be used for damage 
monitoring analysis for composite pressure vessels, with the focus given to their damage 
diagnostic and damage prognostic capabilities. Another objective is to identify gaps in the 
development of reliable SHM systems for CPVs, particularly acoustic emission monitoring.  
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2.1. OVERVIEW OF COMPOSITE PRESSURE VESSEL TECHNOLOGY 
Pressure vessels were originally invented to be used as boilers for steam engines. Their uses 
branched out into various fields such as rocket motors in space application, oxygen storage 
tanks in medical application, and compressed natural gas (CNG) storage in automotive 
application. The use of pressure vessels for CNG storage has been a rapidly growing 
application. The International Association of Natural Gas Vehicles recently reported annual 
growth of around 25 percent over the past six years [2], as shown in Figure 2.2. This growth 
is forecast to increase rapidly over the next decade due to an increasing use of alternative fuel 
types that must be stored in pressure vessels [2]. Although CPVs have a wide range of 
applications, this literature survey will mainly restrict itself to pressure vessels used for 
natural gas storage on road vehicles.  
 
!
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Figure 2.2: Past and predict growth in the number of NGV vehicles. (From Red [2]). 
 
 
2.1.1. The Evolution of Pressure Vessels 
Traditional pressure vessels (monolithic metal cylinders) are suitable for the storage of high-
pressure gas, but require high wall thickness to achieve the regulatory requirement of high 
bursting pressure. This results in the manufacture of heavy-weight tanks, and subsequently 
their use is often limited to applications where weight is not important. 
 
A significant milestone in the development of pressure vessel technology was the use of 
continuous fibre composites use structural materials in the cylinder wall. The main benefits of 
using composites are high specific mechanical properties, excellent fatigue performance and 
outstanding corrosion resistance. For pressure vessels employed on CNG buses with a design 
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pressure of 650 bars, a minimum requirement of wall thickness for steel vessels is about 6.5 
times greater than that for composite vessels (using a thickness formula for cylindrical shell of 
monolithic pressure tanks specified in ASME Code Section VIII, Division 1 [6]). Considering 
the density ratio of the two materials (4.9-to-1 for steel: carbon-epoxy), the use of composite 
tanks can achieve an enormous weigh saving up to 32 times compared to equivalent steel 
tanks. Such large weight saving supports the use of composite pressure vessels for fuel 
storage on CNG buses.  
 
There are four basic types of pressure vessels; as shown in Figure 2.3:  
" All-metal cylinders (Type I),  
" Metal liner with hoop-wrapped composite reinforcement (Type II),  
" Metal liner with fully-wrapped composite reinforcement (Type III), and  
" Composite cylinders with a plastic liner (Type IV). 
 
 
              
TYPE I
TYPE IV
 
Figure 2.3: Pressure vessels from Type I to Type IV. 
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Type I cylinders are often fabricated using steel or high strength aluminium for high-pressure 
gas storage. The failure mechanisms of these cylinders are well understood and their fatigue 
life is predictable [7]. Type I cylinders exhibit good compression strength properties that 
provides high impact resistance, even when empty [7]. The most critical drawback of Type I 
cylinders is their heavy weight due to the high wall thickness. 
 
Type II cylinders have a metal liner that is encased inside a continuous fibre-polymer 
composite skin. The role of the composite is to share the hoop stress with the metal liner so 
that the metal liner wall can be reduced in thickness. Because the composite skin is not 
required to carry the entire stress of the cylinder, the metal liner is required to retain sufficient 
strength to withstand the service pressure, even without the composite [8]. The benefit of 
using composite material is the reduction in the cylinder weight, however additional cost of 
composite manufacturing and certification process is imposed on these cylinders.  
  
Type III cylinders have a seamless metal liner overwrapped with a composite skin. The metal 
liner acts as a rigid membrane to contain the compressed gas and to provide impact resistance. 
The main difference between the Type II and Type III tanks is the amount of composite 
material used, with Type III tanks designed to carry up to 75% to 90% of the internal pressure 
stress [8]. Thus, the use of higher percentage of composite material makes the Type III 
cylinder lighter and therefore more attractive for the application of gas storage on vehicles. 
Several OEM vehicle manufacturers such as Volvo and Volkswagen use Type III cylinders in 
their CNG cars [8]. 
 
Type IV cylinders are made with a plastic liner overwrapped with high strength composite 
material. The composite skin is designed to provide all the structural stiffness and strength 
whereas the non-structural plastic liner is used only to contain the gas. The liner is usually 
made of corrosion resistant polymers such as high density polyethylene, which exhibits better 
performance than metal liners in the storage of corrosive natural gas [9]. However, the plastic 
liner does not provide a rigid supporting membrane to the composite skin in comparison to 
metal liners, and thus Type IV cylinders are more susceptible to impact damage [8]. In the 
application of CNG storage on buses, Type IV cylinders are usually protected from impact 
damage by two end dome covers [8]. Type IV cylinders are the lightest among the four types 
of pressure vessels because they do not contain metal.  
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Filament winding technology is an ideal fabrication method to reinforce cylindrical-shape 
structures using continuous fibre composite materials [10], including pressure vessels. Figure 
2.4 illustrates the filament winding process for composite pressure vessels whereby 
continuous resin-impregnated fibre bundles are wound on a supporting cylindrical mandrel 
(vessel liner). The winding pattern for pressure vessels uses the combination of polar and 
hoop winding (Figure 2.5) [10]. These two winding patterns place fibres on a geodesic path 
that provides the pressure vessel with high tensile stiffness and strength when subjected to 
internal pressure. After the winding process is completed, the vessel is cured, non-
destructively inspected for any manufacturing defects, and then certification tested before 
being put into service.  
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Figure 2.4: Filament winding process. (From Shen [10]). 
 
 
     
Figure 2.5: Polar winding (Left) and hoop winding (Right) patterns. (From Shen [10]). 
 
 
2.1.2. Design Standards for Pressure Vessels 
The failure of pressure vessels in CNG vehicles can be catastrophic. Figure 2.6 shows severe 
vehicle damage caused by the explosion of a NGV cylinder. Rigorous design codes are 
enforced for pressure vessels to avoid such catastrophic damage. To prevent bursting, a fail-
safe mechanism – leak-before-burst – must be implemented into the design of composite 
pressure vessels [11]. In this mechanism, the crack initiation stress of the liner is designed to 
be lower than the failure stress of the composite skin. Thereby, the onset of liner fracture, that 
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can subsequently vent the pressurised gas, will develop prior to the catastrophic bursting of 
the composite cylinder wall. 
 
 
Figure 2.6: The wreckage of a vehicle from the explosion of a composite pressure vessel which was caused by 
failure of the  pressure relief device during a fire. The original location of the vessel is indicated by the dashed 
line [14]. 
 
A lack of historical information on the long-term behaviour of CPVs means they must be 
conservatively designed using a high safety factor [12,13]. An adequate safety factor is 
normally determined through a series of proof tests and experimental analyses, including flaw 
tolerance testing and damage resistance testing in accordance to the standard codes for CPVs 
[8]. With the adequate safety factor, CPVs are proved to be able to retain structural 
performance in the event of in-service damage from impact and other potentially damaging 
accidents [2]. Table 2.2 gives the safety factors for each type of pressure vessel. Higher 
factors of safety are applied on vessels containing fibre glass or aramid fibre composite 
because they are more susceptible than carbon fibre composites to environmental factors such 
as stress-induced rupture and chemical attack [8]. 
 
Table 2.2: Safety factors for different types of pressure vessels. (Data from Trudgeon [8]). 
Cylinder type Fibre reinforcement Minimum burst ratio * Minimum stress ratio + 
Type I vessels  2.25 N/A 
Type II vessels Glass fibre 2.50 2.75 
Aramid fibre 2.35 2.35 
Carbon fibre 2.35 2.35 
 
Type III vessels 
Glass fibre 3.50 3.65 
Aramid fibre 3.00 3.10 
Carbon fibre 2.35 2.35 
 
Type IV vessels 
Glass fibre 3.65 3.65 
Aramid fibre 3.10 3.10 
Carbon fibre 2.35 2.35 
* Burst ratio is the actual burst pressure of the cylinder divided by the working pressure. 
+ Stress ratio is the fibre stress at the specified minimum burst pressure divided by the fibre stress at the working 
pressure. 
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2.1.3. Regulatory Standards for Pressure Vessels 
Many standards for NGV pressure vessels have been implemented by different regional or 
national authorities, such as ISO 11439, UNECE R110 (Europe) and NGV 2 (USA and 
Canada). ISO 11439 [11] is the most comprehensive standard for NGV pressure vessels and 
has been influential on the requirements and tests specified by a number of other standards 
around the world [8]. This standard covers many aspects of NGV cylinders, including design 
procedures and guidelines, approval/certification procedures, safe operating practices, and 
through-life testing. 
 
Most of the approval tests for NGV pressure vessels specified in the regulatory standards are 
similar, and therefore the survey of approval tests presented in this chapter is conducted on 
the basis of ISO 11439. All the important tests and requirements are summarised in the 
following section. 
 
In general, approval tests for NGV cylinders can be categorised into two types: mechanical 
performance verification and scenario performance verification. The former focuses on the 
verification of NGV cylinder performance under general operating conditions whereas the 
latter is aimed at verifying the safety and reliability of cylinders under various simulated 
scenarios which involve the types of accidental damage likely to occur in operation, such as 
heat blast damage, environmental fluid attack, and penetration damage from high energy 
impact.  
 
The ISO 11439 also regulates that the operation of NGV cylinders must be fixed to a single 
vehicle for the entire service life because the removal of cylinders for inspection increases the 
likelihood of damage due to improper handling [11].  
 
2.1.3.1. Cylinder Performance Verification 
Listed below are the main regulatory requirements and tests for verifying the performance of 
pressure vessels [11]: 
 
! Service Pressure  
A maximum service pressure of 260 bar is regulated for all operating temperature conditions.  
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! Service Conditions  
NGV cylinders are designed for 20 years of service life assuming 1000 pressure cycles per 
year, which is equivalent to 20000 cycles for the entire life. For the environmental conditions, 
the cylinders are regulated to operate in the temperature range between -40 °C and 65 °C, 
with the occasional temperature rise to 82 °C together with 95% relative humidity.  
 
! Burst Pressure  
The minimum burst pressure requirement is slightly different between standards. The 
requirement specified in ISO 11439 for different vessels is summarised in Table 2.2. NGV 
cylinders must achieve a burst pressure higher than the minimum requirement. Two criterions 
- minimum burst ratio and minimum stress ratio - are used in the qualification of burst 
pressure.  
 
! Cycle (fatigue) performance  
To verify the fatigue performance of NGV pressure vessels, a cyclic pressure test to 
maximum service pressure is performed until rupture. Cylinders must meet the requirement of 
service life for which a minimum of 20000 cycles are applied over 20 years of service life. 
Failure must occur by liner leakage and not by bursting of the main structural wall.  
 
! Accelerated stress rupture test  
One cylinder is subjected to a constant pressure test to 260 bar at 65°C for 1000 hour. The 
cylinder is then pressurised to burst and the corresponding burst pressure must exceed 85% of 
the minimum design burst pressure.  
 
 
2.1.3.2. Scenario Performance Verification 
Below is a summary of the requirements and tests for assessing pressure vessels used in 
various operating scenarios [11]. 
 
! Composite flaw tolerance 
The purpose of this test is to demonstrate the flaw damage tolerance of NGV composite 
pressure vessels. This test involves machining artificial flaws into the composite section in the 
longitudinal direction of the cylinder sidewall. As a minimum, two artificial flaws with sizes 
of 25 mm long and 1.25 mm in depth and 200 mm long and 0.75 mm in depth are cut into the 
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composite wall. The cylinder containing the flaws is then subjected to a two-stage cyclic 
pressure test. The cylinder is pressure cycled between 20 bar and 260 bar for 3000 cycles and 
followed by an additional 12000 cycles. The cylinder must not leak or rupture in the first 
stage of testing, but is allowed to fail only by leakage during the second testing stage. 
 
! Impact damage resistance 
The purpose of this test is to verify the impact damage resistance of NGV composite pressure 
vessels. The regulations specify that three cylinders must be subjected to three types of impact 
caused by dropping the cylinders onto a smooth, horizontal concrete pad or flooring. One 
cylinder is subjected to a horizontal drop test from the height of 1.8 meter. Another cylinder is 
drop tested vertically on each end at a sufficient height above the floor so that its potential 
energy is equivalent to 488 Joule. The third cylinder is drop tested at a 45º angle at a height 
such that the centre of gravity is at least 1.8 metre. 
 
Following the impact tests, a two-stage cyclic pressure test is performed on the cylinders. The 
cylinders are subjected to cyclic pressure between 20 bar and 260 bar initially for 3000 cycles 
followed in a second stage with a further 12000 cycles. The cylinders must be able to resist 
the impact damage in the first stage without any signs of failure, and are allowed to fail in the 
second stage by liner leakage but not by bursting. 
 
! Bonfire test 
The purpose of the bonfire test is to verify that pressurised NGV cylinders can vent safely 
using the pressure relief device when tested under a specified fire condition. The pressure 
relief mechanism must be activated when the NGV cylinder is exposed to extreme 
temperature conditions to avoid an excessive build-up in stored gas pressure. The standard 
also regulates that the cylinder and its fittings must remain safe and functional in fire, whether 
the cylinder is at full or partial pressure.  
  
! Penetration test 
The purpose of this test is to verify that NGV cylinders pressurised to 200 bar shall not 
rupture by penetration damage induced by an armour-piercing bullet (7.62 mm calibre or 
larger). For Type II, Type III and Type IV designs, the projectile shall impact the sidewall at a 
45º angle and penetrate at least one side wall. 
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! Environment test 
The purpose of this test is to demonstrate that NGV cylinders can retain their structural 
integrity under various environmental fluid attacks to which vehicles may be exposed. The 
environmental testing involves several steps and Table 2.3 provides information on the testing 
conditions:  
i) Impact damage using a metal pendulum or gravel is created on the cylinder surface.  
ii) The damaged cylinder is conditioned in two types of environments: immersion 
environment and liquid spray. (Details of conditioning test are given in ISO 11439 
standards ANNEX F [11]).  
iii) The conditioned cylinder is then cyclically pressurise tested between 20 bar and 260 bar 
at three temperatures: -35 ºC, ambient, and 82 ºC.  
iv) After the cyclic tests, the cylinder integrity is determined by a burst test and the 
corresponding burst pressure-to-service pressure ratio must exceed 1.8.  
 
 
Table 2.3: Details of environmental testing for certifying composite pressure vessels, regulated in ISO 11439 
[11]. 
Test steps Environments Number of 
pressure 
cycles 
Temperature 
Two cylinder approach Single cylinder 
approach 
Immersion 
cylinder 
Other Fluids Alternative 
single cylinder 
- 1 1 Other fluids 
(40 min) 
- Ambient 
1 - 2 Immersion 500 x service 
life (years) 
Ambient 
- 2 - Air 500 x service 
life (years) 
Ambient 
- 3 3 Other fluids 
(40 min) 
- Ambient 
2 4 4 Air 250 x service 
life (years) 
Low 
- 5 5 Other fluids 
(40 min) 
- Ambient 
3 6 6 Air 250 x service 
life (years) 
High 
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2.1.4. Damage Mechanisms in Composite Pressure Vessels 
Despite the growing use of CPVs for gas storage, relatively few studies have been published 
on their damage mechanisms. As mentioned, CPVs are designed with continuous fibres 
placed on a geodesic path so they are loaded in tension by the internal pressure. The burst 
pressure of the composite wall is governed by its tensile strength, which is in turn controlled 
mostly by the fibre strength and volume content. Scott et al. [15] used high-resolution X-ray 
computed tomography to show that complex damage processes occur in CPVs under high 
pressure, including fibre breakages, intralaminar matrix cracks and interfacial meso-scale 
cracks. Several studies report that fibre breakage is the most critical failure process in CPVs 
[16-18]. Because carbon and glass fibres have a variation in tensile strength values, which can 
be described by the Weibull statistical function (Figure 2.7), stochastic fibre breaks occur in 
pressure vessels which increase exponentially in number with increasing internal pressure, as 
shown in Figure 2.8. According to the hoop stress equation of thick-walled pressure cylinders 
(Equation 2.1), a variation in hoop stress levels can develop in the circumferential plies of the 
CPV. As a result, the breakage of fibres, which is dependent on the stress, is also expected to 
vary through a cylinder. Using experimental tests and numerical analyses, Scott and Bunsell 
found that clustering of fibre breakage tends to occur immediately before final rupture of 
CPVs [15,16,18]. When the density of broken fibres within a volume of material exceeds a 
critical number, the composite then becomes mechanically unstable and fails catastrophically. 
Blassiau suggests that fibre breakage in a CPV is analogous to a unidirectional composite 
specimen subjected to an in-plane tensile stress [19]. This work demonstrated similarities in 
fibre breakage by tensile loading in CPVs as well as in unidirectional laminates. 
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Where σh represents hoop stress, pi represents internal pressure in pressure cylinder, po 
represents external pressure in pressure cylinder, ri represents internal radius of pressure 
cylinder, ro represents external radius of pressure cylinder, and r represents radius to point in 
the wall of pressure cylinder. 
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Figure 2.7: An example of failure density probability for carbon fibre based on Weibull statistics function. 
(From Bunsell and Renard [20]). 
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Figure 2.8: Numerical modelling results of hoop stress on a circumferential-wound ply and cumulative acoustic 
emission events with increasing internal pressure in CPVs. (From Blassiau [19]). 
 
 
Another critical damage mechanism that can affect the structural integrity of CPVs is 
delamination cracking in the side-walls [7, 21], which is usually caused by an impact event 
such as a cylinder drop or vehicle collision. As delamination cracks can deteriorate the 
structural integrity, the regulatory standards have implemented strict codes to examine the 
effect of this damage to cylinder safety. Figure 2.9 shows that localised delamination damage 
induced by an impact event subsequently triggers structural instability which leads to tank 
rupture.  
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Figure 2.9: Composite pressure vessel subjected to impact damage at the dome section before (left) and after 
(right) the rupture test. (From Lung [7]). 
 
 
During the damage processes which leads to the final rupture of CPVs, the fibre breaks 
develop mostly at the stress concentrations near the delamination damage [17]. As fibres 
control the strength of CPVs, the clustering of fibre breaks at regions of stress concentration 
is expected to involve rupture of damaged vessels. Composite pressure vessels are vulnerable 
to impact damage due to their low through-thickness strength and interlaminar fracture 
toughness, especially when the cylinder is empty and therefore the walls are not supported by 
the internal pressure. A pressurised cylinder has higher strength to resist impact damage, and 
therefore the handling of empty vessels requires extreme care to avoid impact damage.  
 
Although various types of damage process can occur in a pressurised CPV, the knowledge 
about the long-term development of in-service damage to CNG vessels used on road vehicles 
is limited. Due to this lack of the knowledge, it can be difficult to develop a reliable structural 
health monitoring system for CPVs. Therefore, it is necessary to investigate the long-term 
damage processes in CPVs under various operating conditions and then incorporate this 
knowledge into the development of an SHM system. 
 
 
2.1.5. Damage Inspection Methods for Composite Pressure Vessels 
Visual inspection is the primary examination method specified in NGV standards. ISO 11439 
specifies that cylinders must be examined by visual inspection for external damage at least 
every 36 months and at the time of any reinstallation [11]. The visual inspection must be 
performed by a competent agency approved by the regulatory authority, in accordance with 
the manufacturer’s specifications. Apart from the periodic visual inspection, cylinders should 
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be sent for an immediate visual inspection after accidental damage from a vehicle collision or 
fire. Further evaluation is required by the vessel manufacturer if impact damage is detected.  
 
There have been many studies on damage detection and diagnosis using NDT methods for 
CPVs, including acoustic emission testing (AE) [16,17,21-23], acousto-ultrasonic testing (AU) 
[7], and strain monitoring (SM) using Bragg grating optical fibre sensors (FBG) [13, 24-28]. 
Acoustic emission has been well proven on monolithic metal cylinders for detecting crack 
growth and corrosion damage, and has been regulated for periodic examinations of metal 
tanks [29]. Due to the differences in the damage processes between metals and composites, 
the suitability of AE for CPVs has to be determined and therefore has not yet been approved 
by the regulatory authorities. 
 
 
2.2. DAMAGE PROGNOSIS IN SHM 
Most structural health monitoring systems conduct a “state awareness” analysis in near real-
time for the detection of damage, however they are often incapable of performing a “health 
condition” evaluation of structures due to the lack of damage prognosis capabilities. 
Therefore, a goal for next-generation SHM systems is the capability to accurately forecast the 
remaining useful life-time of a structure [30].  
 
The primary advantages of damage prognosis are the potential for improved safety, structural 
reliability, cost saving in maintenance, and life extension. Even if a structure experiences 
multiple unpredicted damage events, the remaining useful life-time can still be determined 
and monitored with damage prognosis. However, without damage prognosis evaluation, 
Figure 2.10 indicates that misinterpretation of the system health condition with respect to the 
scheduled service life-time is likely to occur. There is a potential risk of overestimating 
structural integrity using a time-based criterion when severe usage or unpredicted events 
occur during service. Consequently, this can jeopardise the structural reliability because it can 
be possibly reduced below to its design limit within the service life-time and then an 
unexpected failure can occur. Conversely, when the integrity of the structure is 
underestimated, the system can be replaced too early because it retains useful service life.  
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Figure 2.10: Benefits in terms of cost and safety of utilising diagnostic and prognostic technologies over the life-
cycle of a structural system. (From Adams [31]). 
 
 
From a business perspective, the revolutionary change from time-based maintenance to 
condition-based maintenance is attractive because the extension of service life increases the 
utilisation of the structure. For example, the aircraft industry follows strictly the time-based 
maintenance approach, based on the analysis of mean-time between failures. A lower 
replacement threshold is applied to ensure the reliability of components, however this incurs 
high cost arising from waste of useful life-time for the majority of components [32]. Another 
example is rotating machinery which have implemented damage prognosis into the operating 
monitoring, and this has increased service life of rotor components by up to 15% [30]. 
 
The design philosophy of structural systems can be altered by the use of damage prognosis. 
For industries adopting a high factor-of-safety design rule, over-designing a structure is no 
longer required to counteract the effect of any operational uncertainties because the long-term 
behaviour can be reliably monitored using a SHM prognosis system. Lung [7] commented 
that the design of NGV composite pressure vessels will forgo the high safety factor rule with 
damage prognosis integrated into a SHM system. This will be beneficial economically to 
manufacturers and end-users due to the reduction to material required for the fabrication of 
CPVs and a reduced need for routine maintenance inspections [7].  
 
The process of prognostic analysis consists of four major elements: usage monitoring, 
structural health monitoring, future loading estimation, and damage prognosis. Figure 2.11 
illustrates the relationships between these elements in prognostic analysis for a CPV. Usage 
monitoring is the process of collecting in-service data, including the loading and 
environmental conditions. The acquired system response data is then analysed with a 
diagnostic model in a SHM algorithm so the real-time damage state of the vessel can be 
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determined. At the same time, the future loading environment is predicted through a model 
that requires current loading and environmental data as well as the original design conditions 
of the vessel. Finally, the residual life-time can be predicted using a prognostic algorithm that 
analyses the current damage condition and the future loading estimation of the vessel. The 
accuracy of the residual life-time estimation is dependent on the quality of the input 
information (including accurate data on the damage condition) and the robustness of the 
prognostic model (including validated models that accurately predict the effect of damage on 
structural integrity) [33]. 
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Figure 2.11: A flow chart for  damage prognosis analysis applied to a composite pressure vessel. 
(From Farrar et al. [34]). 
 
 
2.2.1. Approaches to Damage Prognosis Analysis 
To begin a prognostic analysis, it is recommended by Farrar et al. [34] to perform an 
evaluation analysis to identify possible damage-prognosis problems with the structural system. 
Three elementary approaches are discussed by Farrar et al. [34] and they are summarised 
below. Through this evaluation, an overview of the prognosis analysis for a specific system 
can be established.  
 
The first consideration is what is causing the damage? Before establishing a prognostic model, 
a damage classification analysis is recommended to identify possible damage events to the 
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system (e.g. impact or overloading) and the resultant effect of the damage (e.g. reduced 
stiffness or strength). Farrar et al. [34] classifies damage into three types: gradual damage, 
predictable discrete damage, and unpredictable discrete damage. Gradual damage describes 
the damage induced by the service operating environment, which gradually accumulates 
(usually at the microscopic scale) to deteriorate the structural integrity over time. The second 
class of damage is discrete damage caused by a predictable operating condition, which can 
cause a sharp increase to damage accumulation and a corresponding abrupt loss in structural 
integrity. The third type of damage is similar to the second type, but it occurs in an 
unpredictable manner. For the application of NGV composite pressure vessels, fibre breakage 
and matrix cracking have been identified as gradual types of damage that develop under 
normal operating conditions [15,17]. Delamination damage to CPVs usually occurs as an 
unpredictable event, such as incorrect handling or vehicle collision, and should be considered 
as unpredictable discrete damage. 
 
The second question raised by Farrar et al. [34] is what type of prognostic assessment 
technique should be used? Most prognostic techniques are classified as physics-based or data-
based methods [30,32,34,35]. Physics-based techniques use mathematical equations to 
analyse and predict future system performance by simulating actual physical responses of the 
damage mechanisms which govern the system integrity [34]. Finite element analysis is 
commonly used to predict the residual structural performance in a physics-based assessment. 
The data-based methods rely on real-time measurements of the system response to assess the 
current structural damage state [34]. NDT and SHM techniques are often used to measure the 
system response. 
 
Figure 2.12 shows the interactions between physics-based and data-based approaches to 
damage prognosis. A combination of both approaches through a cross-validation process can 
enhance the accuracy of predictions so that the most updated validated-physics model can be 
employed. Once the prognostic assessment approach is identified, the remaining useful life-
time can be predicted through a reality-based predictive model requiring the outputs of the 
physics model, state awareness model, and future loading model. Farrar et al. [34] suggest 
that the efficiency of predictive models can be continuously improved by correlating the 
current system responses to the previous damage diagnosis and damage prognosis results. 
 
Third, what is the goal of prognostic analysis once the damage has been analysed? The goal 
depends on the operating requirements and service environment of the structure. For example, 
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the goal for military aircraft in combat is on the probability of successfully completing the 
mission rather than calculating the remaining service life-time. This is because of high 
amount of uncertainties due to extreme operational and environmental conditions can be 
observed in a short time period of operation. Comparatively, NGV composite pressure vessels 
are designed to operate in a gradual degradation manner, and so the vessel manufacturer is 
more concerned with predicting the remaining service life.  
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Figure 2.12: The relationship between physics-based and data-based methods in damage prognosis.  
(From Farrar et al. [34]). 
 
 
2.3. FEASIBIILTY SURVEY OF STRUCTURAL HEALTH MONITORING 
SYSTEMS FOR CPVS 
To reliably use CPVs for fuel storage on road vehicles, a robust SHM system with the 
capabilities of health evaluation and residual life-time assessment is needed. The goal of this 
PhD research is to investigate the long-term damage behaviour of CPVs using SHM having a 
life predication capability. Thus, a reliable damage detection system is first needed to identify 
the real-time damage state of vessels, which is one of the components required for damage 
prognosis analysis. Therefore, an objective of this chapter is to present a feasibility survey for 
damage detection systems that may be applied to NGV composite pressure vessels. The 
candidate system will be selected from existing SHM systems that have been proposed 
previously for structural health monitoring of CPVs. Acoustic emission, acousto-ultrasonics, 
and strain-field monitoring using fibre Bragg grating (FBG) sensors are the SHM techniques 
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which have been demonstrated for structural integrity assessment of CPVs [7,12,13,16,19, 
21,23-28,36]. 
 
2.3.1. Acoustic Emission (AE) for SHM 
When a composite structure is elastically loaded, microscopic material changes due to 
damage initiation or growth will release strain energy detectable as transient stress waves. 
When the stress waves travel to the surface the resultant vibrations can be detected using 
piezoelectric sensors, and these waves are called acoustic emissions. Two types of wave 
modes can be detected using AE: extensional mode and flexural mode waves (Figure 2.13). 
Extensional waves are high frequency waveforms travelling at high speed with little 
dispersion whereas flexural waves are characterised by lower frequency, slower velocity and 
greater dispersion. Due to the difference in stress wave properties, a separation of high from 
low frequency waves can result in a reduction to the amplitude response of a discrete 
waveform. 
 
Various damage discrimination techniques have been assessed to identify different damage 
mechanisms from the AE signals of fibre-polymer composite materials, including feature 
analysis [38-47], frequency analysis [39,46-53], and modal analysis [37,54]. Once the 
discrimination technique is determined, AE monitoring may be able to quantitatively measure 
the initiation and accumulation of individual damage events within composite materials under 
an externally applied elastic load. This is a key advantage of AE monitoring in damage 
prognosis analysis of composite structures.  
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Figure 2.13: Examples of extensional-wave and flexural-wave modes in acoustic emission.  
(From Prosser et al. [37]). 
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2.3.1.1. Acoustic Emission: Feature Analysis 
The feature analysis method performs damage discrimination based on characteristic features 
of the acoustic stress waves (Figure 2.14). Numerous studies have been conducted to identify 
the AE signatures for fibre breakage, matrix cracks, and delamination damage in carbon or 
glass composites using feature analysis [38-47]. Amplitude, duration, and rise-time are the 
most frequently used waveform parameters to characterise damage using feature analysis. 
However, different or, in some cases, contradictory results have been reported using feature 
analysis. For example, contradictory results for the AE signature of carbon fibre fracture in 
terms of amplitude and duration was found by Ono et al. [40,41] and Siron and Tsuda [43]. 
Ono and co-workers measured an amplitude < 50 dB and short duration whereas Siron and 
Tsuda measured 95 – 100 dB of amplitude and much longer (1000 – 10000 µsec) duration 
waves. However, there are also similarities in the AE signatures of damage mechanisms. For 
example, epoxy matrix cracking in the study by Bohse [47] was found to have an acoustic 
amplitude in the range of 40 – 60 dB, which correlates to the low – medium amplitude 
response determined by Ono et al. [40,41]. In addition, breakage of S-glass fibres was found 
to have a consistent amplitude response of 60 – 80 dB in several studies [42,44,45,47]. A 
summary of the various damage signatures using feature analysis which have been reported in 
the scientific literature is presented in Table 2.4.  
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Figure 2.14: Wave features for one acoustic emission event. (From Unnporsson et al. [55]). 
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Table 2.4: Summary of AE signatures of composite damage using feature analysis. 
Carbon fibre composite Glass fibre composite 
Carbon fibre-epoxy composites [40,41] 
- Fibre fracture: amplitude <50 dB and short duration. 
- Splitting and cracking: low-medium amplitude and 
duration > 100 µsec. 
- Initiation of delamination: 50-70 dB of amplitude and 
average duration of 120 µsec. 
- Rapid advance of delamination: amplitude >75 dB and 
duration > 200 µsec. 
Glass fibre/polypropylene composites [38] 
- Matrix crack: 40 -55dB of amplitude. 
- Interface crack: 60 -65 dB of amplitude. 
- Fibre pull-out: 65-85 dB of amplitude. 
- Fibre breaks: 85-95 dB of amplitude. 
Carbon fibre-epoxy composites [43] 
- Fibre/bundle fracture: 95 -100 dB of amplitude and 
duration between 1000 -10000 µsec. 
- Matrix micro cracks: 30 -40 dB of amplitude and 
duration < 1000 µsec. 
- Propagation of matrix micro cracks and onset of 
delamination: 40 -80 dB of amplitude and 1000 -10000 
µsec of duration. 
- Propagation of intra- and inter-laminar cracks: 80-95 
dB of amplitude and 1000 -10000 µsec of duration. 
Glass fibre/polyester composites [44,45] 
- Matrix cracks: low amplitude. 
- Fibre breakage: 60-70 dB. 
- Delamination: high amplitude. 
Carbon fibre-epoxy composites [46] 
- Fibre breakage: middle to large amplitude and 
duration <30 µsec. 
- Matrix cracks: amplitude <70 dB. 
- Interfacial debonding: amplitude <60 dB. 
Tensile tests of glass fibre bundles [42] 
Fibre breakage: 
- S-glass: 60-63 dB of amplitude and 186-
332 µsec of duration. 
 
Tensile tests of carbon fibre bundles [42] 
Fibre breakage: 
- Carbon M40-B: 65 -81 dB of amplitude and 200-324 
µsec of duration. 
- Carbon M40-J: 58-65 dB of amplitude and 171-275 
µsec of duration. 
Single glass fibre-epoxy composites [47] 
- Fibre breakage: 65-80 dB of amplitude 
 
Single carbon fibre-epoxy composites [47] 
- Fibre breakage: 60-75 dB of amplitude 
- Epoxy cracks: 40-60 dB of amplitude 
 
 
 
Multi-parametric analyses of acoustic emission signals using the so-called unsupervised or 
supervised classification methods (machine learning techniques) have been found effective in 
characterizing fibre breaks, matrix cracks and fibre/matrix de-bonding [44,45]. The 
unsupervised method is able to classify the raw AE dataset into one or many AE classes based 
on similarities and differences of their AE signals. Each class is related to a specific type of 
damage. The supervised method performs classification according to a reference dataset 
containing numbers of correctly labeled AE classes to a raw AE dataset. For example, the k-
means method (which is a unsupervised classifier) can separate n number of AE events into k 
number of clusters, assuming that the cluster number k is specified in advance. Each AE event 
belongs to the cluster with the nearest mean value. Godin et al. [44,45] used a k-nearest-
neighbour (k-NN) algorithm (supervised classifier) to perform damage classification for a 
glass/polymer composite, where the unlabelled AE events were assigned to the class most 
common among its k nearest neighbours. For example, if k is set to 1, the AE event will be 
assigned to the class of its nearest neighbour. The neighbours are the reference data sets that 
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were generated using a k-mean algorithm which relates the training data sets to clusters of 
matrix cracks and interfacial debonds via six parameters determined by analysing acoustic 
waveforms generated in pure polyester resin, [90°] and [45°] glass/polyester coupons. Using 
this approach, matrix cracking were classified according to AE signals of low amplitude (40 – 
50 dB) and short duration responses whereas interfacial debonds were identified with higher 
amplitude signals (70 – 90 dB) [44,45]. 
 
 
2.3.1.2. Acoustic Emission: Frequency Analysis 
Frequency analysis of the AE signal is a damage discrimination technique based on the 
principle of unique frequency properties of the different types of damage. Fast Fourier 
Transform (FFT) processing is commonly used in frequency analysis. An example of the 
application of FFT frequency analysis to discriminate between matrix cracking, fibre/matrix 
debonding, and fibre breakage is shown in Figure 2.15. A large number of studies into the use 
of frequency analysis to discriminate between damage types in composite materials have been 
published [39,46-53], and they showed better agreement and fewer contradictory findings 
than using feature analysis.  
 
Based on studies performed using carbon and glass fibre composite systems, it was found that 
fibre breakages produced extensional wave signals (frequency between 350 and 700 kHz) 
whereas matrix cracks generate flexural wave signals (frequency up to 350 kHz). The 
frequency signature for fibre breakage in carbon fibre composites is similar to that in glass 
fibre composites. The details of various damage signatures using frequency analysis are 
presented in Table 2.5. 
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Figure 2.15: FFT results of frequency analysis for (a) matrix cracking, (b) fibre/matrix de-bonding, and (c) fibre 
fracture in a carbon-epoxy composite. (From Bussiba et al. [48]).  
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Table 2.5: Summary of AE signatures of composite damage using frequency analysis. 
Fibre breakage Matrix cracks Fibre/matrix de-bonding 
Carbon fibre 
- 700 kHz [53] 
- 500 kHz [47, 51] 
- 405 kHz [48] 
- >300 kHz [49] 
 
Glass Fibre 
- 500 kHz [51] 
- 420 -520 kHz [52] 
Epoxy 
- 250 kHz [53] 
- 100 – 120 kHz [47, 51]: 
- 140 kHz [48] 
- 90 – 180 kHz [49] 
 
Carbon-epoxy 
- 500 kHz [53] 
- 300 kHz [51] 
- 240-310 kHz [49] 
 
Glass/polypropylene 
- < 350 kHz [51] 
 
 
 
2.3.1.3. Acoustic Emission: Modal Analysis 
Modal analysis discriminates between different types of damage by analysing the waveform 
shape and wave propagation modes [55]. Plate-wave theory is commonly used in modal 
analysis. Prosser et al. [37] discriminated between extraneous noise and acoustic noise from 
composite damage using modal analysis. Prosser and colleagues discovered that matrix cracks 
mainly generated extensional wave signals whereas delamination cracks produced flexural 
wave signals. Surgeon and Wevers [54] commented that extraneous noise can be eliminated 
by determining the source location of the AE signals based on their time-of-flight to the 
piezoelectric sensors.  
 
The wave mode of acoustic emissions from cracks in a composite material is dependent on 
the crack orientation with respect to the loading direction. A study by Surgeon and Wevers 
[54] concluded that when the movement of crack faces occurred in parallel to the plane of the 
composite then a large extensional mode of stress wave is expected, i.e. fibre breakage 
occurring in tension tests with the fibre crack faces moving parallel to the loading direction 
[54]. Conversely, a flexural stress wave develops from out-of-plane cracks, such as 
interlaminar debonding or delamination cracks [54]. 
 
 
2.3.1.4. Acoustic Emission: Power Spectrum Analysis 
Power spectrum analysis is a combination of frequency and modal analysis, in which the 
percentages of power for two frequency intervals is calculated: the flexural frequency band 
and the extensional frequency band [47,51]. An example of power spectrum analysis is shown 
in Figure 2.16. Fibre breaks and matrix cracks show higher power percentage values in the 
extensional and flexural frequency bands, respectively. Also, the power spectrum results for 
fibre breaks or matrix cracks show good agreement between different material systems, e.g. 
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glass fibre-epoxy and carbon fibre-epoxy composites. Because the waveform propagating in a 
composite material is affected significantly by attenuation and dispersion effects, Krietsch and 
Bohse [51] claim that the power spectrum method, which involves analysis of the whole 
waveform, is more reliable at identifying different damage types than other damage 
discrimination techniques. It should be noted that the total percentage added-up of the 
waveform spectrums shown in Figure 2.16 is not equivalent to 100%. This is because the 
frequency range of 0 – 700 kHz was applied to analyse flexural and extensional frequency 
band in the power spectrum analysis, which however may not cover the entire frequency 
range of acoustic waveform detected. This means that the actual total power of the waveform 
was always higher than that for the frequency band of 0 – 700 kHz and thus the sum of power 
fraction for the frequency band of 0 – 700 kHz was not equivalent to 100%. 
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Figure 2.16: Power spectrum results of matrix cracks and fibre breaks developed in fragmentation tests on pure 
epoxy, glass fibre-epoxy and carbon fibre-epoxy composites. Power percentage is shown for flexural (the lower 
frequency band) and extensional frequency band (the higher frequency band), and is calculated by dividing the  
total power in the frequency range of 0 – 350 kHz and 350 – 700 kHz by the total power of the entire acoustic 
spectrum of the given damage event, respectively.  (From Kristech and Bohse [51]). 
 
 
2.3.2. Acousto-Ultrasonic Monitoring (AU) 
Acousto-ultrasonics is an active NDT technique involving the use of piezoelectric actuators 
and sensors to detect changes to the elastic stress waves in materials caused by damage. The 
structure is monitored using ultrasonic waves emitted from piezoelectric actuators, and any 
change to the stress waves resulting from acoustic impedance interference due to the presence 
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of damage is detected by the receiving sensors. Wave reflection, scattering, refraction and 
possibly wave mode conversion are analysed to determine the size, location and type of 
damage. 
 
AU monitoring of composite structures has been an active field of research for over 25 years. 
AU is often used to identify damage or degradation of material properties. As examples, AU 
has been used to determine the degree of resin cure, impact damage, damage caused by 
monotonic loading, and changes to the tensile modulus, tensile strength and interlaminar shear 
strength of composites [60]. Of relevance to CPVs, several studies [61-64] have shown that 
AU can detect the growth of fatigue-induced damage in laminates caused by cyclic stress 
loading. A stress wave factor, which defines the attenuation of interrogating acoustic (stress) 
waves, has been used to quantify the severity of fatigue damage in composite structures. The 
attenuation of acoustic waves can be measured using various parameters, such as reduction of 
wave energy or velocity, and these have been proved to characterise different types of damage 
in composites [65-67]. 
 
The use of Lamb waves in AU has been widely studied for composite damage assessment 
[65-71]. Lamb waves are a type of elastic wave which are often referred to as plate waves due 
to their mode of propagation in planar structures. As seen in Figure 2.17, Lamb waves can be 
generated using an angle wedge in a solid plate with an infinite number of modes for both 
symmetric (longitudinal mode) and anti-symmetric (transverse mode) displacement within the 
plate. The velocities of Lamb waves are controlled by their wavelength and the plate 
thickness. As Lamb waves propagate along a flat, plate-like structure over a large distance, 
this allows an assessment of the entire structure with a small number of actuators/sensors. 
Using the sensor array shown in Figure 2.18, it is possible to triangulate damage location 
based upon the reciprocal time-of-flight of reflected waves to sensors; however complex 
signal processing analysis is required [68-70].  
 
 
Kessler et al. [65] and Toyama et al. [66,67] used Lamb waves to detect and characterise 
several types of damage in composite materials. Kessler and colleagues [65] demonstrated the 
potential for detecting damage in carbon-epoxy laminates and sandwich materials containing 
pre-existing damage such as delamination, matrix cracks, and through-thickness holes. 
Wavelet decomposition analysis was used to identify damage that results in a significant loss 
in wave energy due to dispersion and scatter effects. Toyama et al. [66,67] conducted damage 
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quantification analysis of cross-ply carbon-epoxy laminates that contained transverse matrix 
cracks or small delaminations. Toyama and colleagues correlated the change in the Lamb 
wave velocity to damage accumulation: viz. an increase in transverse crack density and the 
growth of delamination cracks correlated with a decrease in the Lamb wavespeed.  
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Figure 2.17: Schematic of lamb waves propagating in plate: a) symmetric; b) anti-symmetric.  
 
 
 
Figure 2.18: Schematic of AU sensor array for damage location analysis. 
 
 
Su et al. [71] identified several challenges with the use of the Lamb wave technique, some of 
which are relevant to its application to CPVs [71]. First, because complex damage 
mechanisms occur in CPVs that can involve combinations of fibre breakage, matrix cracks, 
delaminations, and fibre-matrix interfacial debonds, the conventional Lamb wave technique 
has difficulties in discriminating between multi-damage events. This is the result of complex 
scattering phenomena of Lamb wave signals induced by the impedance of various damage 
features. Second, the size resolution of AU in detecting damage is limited, which may be an 
issue since fibre breakage is the primary failure mechanism in CPVs. Most applications of 
Lamb wave monitoring is the detection of medium-to-large damage (typically larger than ~10 
Lamb%waves%
Damage%
Wave speed 1 
Wave speed 2 
Wave speed 3 
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mm) rather than individual fibre breakages. Toyama et al. [66] showed that the sensitivity of 
the Lamb wave technique is dependent on the reduction in material stiffness due to damage. 
This may explain the difficulty in detecting fibre breakage as discrete broken fibres do not 
cause a significant loss in bulk stiffness of composite materials unless present in large 
numbers. 
 
While acousto-ultrasonics is capable of detecting damage in thin-walled composite structures, 
there has been little published research into its application to CPVs. Lung [7] conducted a 
PhD study on the structural health monitoring of CPVs using AU. An embedded piezo-
electric film (actuator/sensor) system was integrated into a CPV to monitor the structural 
integrity. The types of damage described in the NGV pressure vessel standards were 
monitored by Lung [7] using AU, such as fatigue damage, impact damage, and stress-induced 
damage. A damage index parameter based on the attenuation of the AU signal was used to 
quantify the health condition of the vessel. Figure 2.19 shows the assessment result for a 
composite vessel subjected to impact damage, in which an increase in damage accumulation 
was recorded using AU with increasing pressure and number of pressure cycles. To determine 
the structural instability of the CPV, individual damage thresholds were specified for different 
damage events. However, it may become difficult to determine the damage threshold when 
multi-damage events occur in the CPV. Apart from this work by Lung [7], the feasibility of 
using AU as an inspection method for CPVs has not been investigated.  
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Figure 2.19: The result of structural health evaluation of CPVs containing impact damage using AU. The 
damage indication index was used to define the damage growth with increasing tank pressure and number of 
pressure cycles. (From Lung [7]). 
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2.3.3. Strain Monitoring Technique Using Bragg Grating Fibre Optic Sensors  
Traditional electrical strain gauges are commonly used in strain monitoring of engineering 
structures, but they are limited to local-scale measurement. To conduct a wide-area SHM 
analysis, the use of an enormous number of strain gauges is required to make a global sensor 
array. This can cause complexity issues in handling and measurement errors due to 
electromagnetic interference from long electrical cables [26]. This problem is resolved with 
an use of Bragg grating fibre optic sensors for strain monitoring.  
 
Several advantages of fibre optic sensors make them useful for the SHM of composites 
[12,13,26,72,73]. First, due to their multiplexing capabilities, multiple strain sensors can be 
integrated into a single optical fibre, which facilitates global damage monitoring. Second, 
fibre optic sensors are immune to electromagnetic interference compared to electrical strain 
gauges. Third, the small size (50 to 250 microns in diameter), light-weight, and high 
geometric adaptability to host structures make optical fibre sensors attractive for embedding 
into composite structures. Finally, fibre optic sensors are capable of performing multi-task 
measurements in real-time: vibration, strain, pressure and temperature. 
 
Depending on the application, a variety of fibre optic sensors have been developed, based on 
the measurement of changes in light intensity (distributed microbend etc.), phase 
(interferometric), polarisation (polaimetric), or wavelength (Bragg gratings) [13]. Guemes et 
al. [24] and Mueller et al. [27] used optical fibre sensors for strain, temperature, and 
hydrogen-leak monitoring of hydrogen-storage composite cylinders. The performance of fibre 
optic sensors for strain and temperature measurements was found to be satisfactory in the 
temperature range of 20 K to 365 K [24]. For hydrogen detection, the FBG was coated with a 
thin layer (4 microns) of palladium which alters the wavelength in the presence of hydrogen 
gas [24]. Muller et al. [27] identified three integration methods for fibre optic strain sensors 
into composite pressure vessels: surface mounted using a bonding agent, surface mounted 
under peel ply, and embedded between composite ply layers, with the latter method yielding 
the best strain measurement responses. 
 
A major practical disadvantage of fibre optic sensors is their inherent brittleness [13]. Kang et 
al. [26] performed a statistical analysis of sensor failure rates with respect to possible causes 
relevant to CPV application; sensor failure percentages of 36%, 21%, and 43% were recorded 
in the winding process, curing, and operation of CPVs, respectively. The highest percentage 
of sensor failures in operation was attributed by Kang and colleagues to impact damage 
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caused by incorrect handling. Malfunction of sensors resulting from impact damage caused 
false negative detection. 
 
Many studies [12,72-75] have shown that strain monitoring using optical fibre sensors can 
detect medium-to-large damage (typically greater than 5-10 mm) in composite structures. 
However, the sensors are not reliable for detection of single or few fibre breaks which do not 
degrade the stiffness. De Waele et al. [12] used Bragg grating sensors for structural integrity 
assessment of CPVs. The development of matrix cracking on the cylinder surface could be 
detected, and the sensitivity of the sensors corresponded to the scale of damage. Chambers et 
al. [74] found that the detection threshold for composite laminates depended on the distance 
between the sensor and damage locations, which was limited to the distance of 1 – 1.5 times 
of damage radius.  
 
The use of optical fibre sensors in CPVs is still under assessment, although fibre optics 
sensors have been successfully used in civil, aircraft, and ship composite structures [e.g. 76-
78]. Several studies [13,25,26,28] are currently focused on the relevant issues of embedding 
sensors and their performance in CPVs. More research must be conducted to correlate the 
strain monitoring results with the residual structural performance of CPVs.  
 
2.4. AE MONITORING OF COMPOSITE PRESSURE VESSELS  
Several studies [16,17,21,23,36,56-58] have assessed methodologies to monitor damage to 
CPVs using AE. Bunsell and colleagues proposed a SHM model based on acoustic 
monitoring of fibre breakages [16,19,36]. The model is based on the fibre breakage 
mechanism in unidirectional composite specimens subjected to axial tensile loading. Each 
fibre break causes localised plastic shear deformation of the polymer matrix which forms a 
discrete damage zone. Within the zone, the intact fibres neighbouring the broken fibre 
experience an increase in stress over a short length (Figure 2.20), such that the total stress 
within the zone remains unchanged. This length is defined as the load-transfer (or shear lag) 
length, and is the maximum distance from the break at which the damaged fibre is able to 
continue to carry the applied load. Equation 2.2 describes the recovery of axial stress along a 
broken fibre due to shear-lag mechanism as a function of z that is the axial coordinates along 
the fibre with the origin located at the break.  
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Where σf is the axial stress exerted on the fibre, z is the axial coordinate along the fibre with 
respect to the origin located at the fibre break, Ef is the Young’s modulus of the fibre, ε is the 
tensile strain applied to the composite in the fibre direction, Gm is the shear modulus of the 
matrix, and D is the fibre diameter, w is a parameter to measure fibre spacing. (From Landis 
and McMeeking [79]).  
 
The load transfer mechanism is controlled by the shear yield properties of the matrix phase, 
the Young’s modulus of the fibre and the local strain conditions. When a unidirectional fibre 
laminate is loaded at constant tensile stress, the local stress within the deformed region of the 
matrix reduces over time and this is because the non-linear viscoelastic relaxation of the 
matrix causes the decrease in tensile and shear moduli of the matrix phase. This results in the 
load transfer length, at which the neighbouring intact fibre experience over-stressing, 
becoming longer [16,22,36]. According to Equation 2.2, a 10% reduction to shear modulus 
value of the matrix can cause an increase of load transfer length about 5% at the break. When 
the damage zones begin to interact due to their growth with time, an acceleration of fibre 
breakage occurs which subsequently triggers the onset of structural instability leading to final 
failure of the laminate. It should be noted that the behaviour of viscoelastic relaxation in 
matrix polymer of composite laminate could occur when subjected to static load or elevated 
temperature condition above the glass transition temperature of the matrix. The accumulation 
of fibre breakages resulting from the matrix relaxation due to constant tensile loading obeys 
the relationship [16,22,36]: 
 
 
                                         dNdt =
A
tL +τ( )
n    (Equation 2.3) 
Where N is the number of acoustic emission events, tL is the loading time, A is a factor which 
depends on the applied stress and composite material, τ is a time constant, and n is a factor 
less than unity. 
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Figure 2.20: Illustration of stress transfer mechanism (shear lag) within a damage zone: Rosen’s model. The 
length of the shear lag zone in the fibre direction is defined by Lc. (From Rosen [80]). 
 
 
Because the fibre reinforcement provides the strength for CPVs, an onset of structural 
instability should occur when the accumulated fibre breakages reach a critical density called 
the ‘maximum damage threshold’ [16,19,36]. Based on this principle, acoustic emission was 
applied by Bunsell et al. [36] to detect and monitor the development of fibre breakages. 
Figure 2.21 shows the SHM process proposed by Bunsell and colleagues [36] in which a 
comparative analysis was conducted between cumulative AE events detected in CPVs 
subjected to cyclic fatigue loading (i.e. pressurisation/depressurisation of the vessel) and a 
master damage curve. The master curve is a maximum prediction of fibre breakages in CPVs 
over their operating life, and the curve is determined according to maximum damage 
threshold of the cylinder and its service life. The maximum damage threshold is the limit of 
fibre breakages that can occur in a cylinder, beyond which structural instability is triggered. 
Figure 2.21 shows a master curve for a CPV designed for a service life of 20 years. The 
master curve is generated using Equation 2.2 together with the maximum damage threshold, 
which is determined by AE monitoring of fibre breaks in the composite under tensile loading. 
To date, however, the identification of the damage threshold of composite vessels is not 
known, and it may vary between vessel types and the types of carbon fibre composite 
materials used in their construction. 
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Figure 2.21: Damage diagnosis model based on fibre breakage monitoring developed in composite pressure 
vessels. (From Bunsell et al. [36]). 
 
 
For a CPV to have a minimum service life (of 20 years), the cylinder must exhibit a 
cumulative AE (damage) event curve below the master curve (Figure 2.21). However, it is not 
feasible to obtain the entire damage curve of the cylinder in practice; a periodic structural 
integrity assessment using AE is required. A comparative analysis of the fibre damage rate at 
the inspection time to the master curve is conducted. As shown in Figure 2.22, if the cylinder 
is deemed to be acceptable, then the AE activities detected over an AE inspection period must 
be lower than the master curve. When the number of AE events recorded in the inspection 
exceeds the master curve then the cylinder contains an excessive number of broken fibres and 
must be removed from service or subjected to more regular inspections to monitor closely the 
development of damage.  
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Figure 2.22: A conceptual example of structural integrity assessment of a CPV  using periodic assessments with 
AE. The comparative analysis of damage rate at the inspection period  to the master curve is conducted. (From 
Bunsell et al. [36]). 
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A similar study was conducted by Gostautas et al. [21], who developed a burst pressure 
identification scheme using AE that predicts the rupture pressure of in-service CPVs. 
Gostautas and colleagues report that the structural integrity and safety of CPVs can be 
monitored by periodically assessing the degradation of burst pressure based on AE 
inspections. The inspection process requires pressurising the vessel and then using AE to 
detect damage between 50% and 100% of the maximum service pressure. Structural integrity 
of the vessel is then assessed by comparing the cumulative AE counts detected in the 
inspection against the burst-pressure criteria [21]. The criteria is determined experimentally 
by characterising various damage types in the pressure vessel, including normal (controlled), 
impact-damaged, and indentation-damaged vessels with AE and then burst-testing the 
cylinders. The measured AE events together with the corresponding burst pressure of the 
CPVs are used to construct the failure criterion plot. Figure 2.23 shows the burst pressure 
criterion in which a CPV developing cumulative AE events (within 20000 counts) in the 
inspection is predicted to have the burst pressure exceeding the minimum burst pressure of 
11230 psi. Gostautas et al. [21] also demonstrated that AE was able to detect delamination 
cracks in CPVs. The degradation of burst pressure was dependent on the severity of damage 
to the CPVs. 
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Figure 2.23: The criterion of burst pressure prediction to monitor structural degradation of CPVs in terms of 
cumulative AE counts detected in the inspection test. (From Gostautas et al. [21]). 
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Hill [23] also proposed a burst pressure identification scheme for CPVs using the AE 
technique. The CPV was subjected to a specified pressurisation profile with AE used for 
damage monitoring. The AE amplitude response was found by Hill [23] to correlate with the 
burst pressure of CPVs. Two types of CPVs, fabricated using different materials and 
manufacturing conditions, were studied by Hill [23]. A multiple regression analysis was 
performed to predict the burst-pressure of the vessels using an empirical equation which was a 
function of prepreg batch, cure condition, and the percentage of high amplitude AE events to 
the total number of events. As shown in Figure 2.24, the cumulative events of high amplitude 
emissions (above 70 dB) recorded by Hill [23] was linearly related to the burst pressure. Two 
burst pressure-AE correlations were identified for vessels fabricated from 1016 or 1017 
carbon-epoxy prepreg. The trend suggests that the greater percentage of high amplitude 
signals that are detected then the higher the burst pressure of the CPV. 
 
The approach taken by Hill [23] was different to that developed by Bunsell et al. [16,19,36] in 
that the AE amplitude is not related to a specific type of damage (e.g. fibre breakage or matrix 
cracking). Hill assumed that any damage which generates a AE event above 70 dB will reduce 
the structural integrity of the vessel. Bunsell and colleagues, on the other hand, considered the 
effect of only one type of damage – fibre fracture – on structural integrity.  
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Figure 2.24: Identification of burst pressure for CPVs based on amplitude response detected in the acoustic 
emission test. Two types of pressure vessels were subjected to monotonic increasing pressure to 2.76 MPa with 
AE monitoring. The pressure vessels were analysed and the numbers (beside the data point) designate the 
cylinder ID. (From Hill [23]). 
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Acoustic emission is the most commonly used inspection method (aside from visual 
inspection) to assess the structural integrity of metal pressure vessels, and a periodic 
examination for the cylinders using AE has been regulated [29]. The use of AE on CPVs is 
considered as the most appropriate among all the NDT techniques. In the review of SHM of 
CPVs, the methods proposed by Gostautas [21], Bunsell et al. [16,18,22,36,59], and their 
colleagues demonstrated the capability of evaluating the structural integrity of cylinders in 
practice using AE monitoring. The approach by Gostautas and co-workers [21] is based on 
experimental analysis of pressure vessel testing whereas the approach by Bunsell et al. 
[16,18,22,36,59] is based on a mechanical model that correlates fibre breakage with the 
degradation to structural integrity. Moreover, Bunsell and colleagues [16,18,22,36,59] have 
proposed a maximum damage threshold which is defined to determine the residual life-time 
of CPVs based on a critical number of AE events. From the perspective of damage prognosis, 
this approach is more feasible in the development of a damage prognosis model because it can 
be integrated into a prognosis model.  
 
In the model by Bunsell and co-workers [16,18,22,36,59], fibre breakage is the most critical 
parameter to determine the health condition of CPVs. To enhance the accuracy of damage 
prognosis, a discrimination method for fibre breakage is necessary as complex damage 
mechanisms have been observed in CPVs [15]. As mentioned, many AE studies [38-54] have 
successfully identified different types of damage, such as matrix cracking from fibre breakage 
or fibre/matrix de-bonding. Developing an effective method to discriminate the AE signals for 
fibre breakage from the signals for the other types of damage is a key objective of this PhD 
project. 
 
The model by Bunsell et al. [16,18,22,36,59] is able to assess the structural integrity of CPVs, 
although it requires the in-service damage history of the vessel. The SHM model is based on 
long-term fibre damage due to constant pressure loading, but it does not consider other 
possible operational damage such as cyclic-pressurisation damage and temperature-related 
damage. To develop a structural health monitoring system with damage diagnosis and damage 
prognosis capabilities, it is necessary to incorporate information on the long-term damage 
behaviour of CPVs into the SHM system. An important objective of this PhD project is to 
identify the long-term fibre damage process of CNG pressure vessels due to other operating 
conditions using AE.  
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2.5. SELECTION OF SHM CANDIDATE SYSTEM FOR COMPOSITE 
PRESSURE VESSELS 
The three most promising types of damage detection techniques for the structural health 
monitoring of CPVs are acoustic emission, acousto-ultrasonics, and Bragg grating optical 
fibres. A comparison of these techniques is presented in Table 2.6. The selection process of 
the system applied for structural health monitoring of CPVs depends on its capability to 
facilitate damage diagnosis and damage prognosis. One of the critical considerations is 
whether the candidate system can quantitatively monitor the damage processes which control 
the residual structural performance of CPVs, and also the ability to incorporate the analysis 
into a SHM model with damage diagnostic and prognostic capabilities. 
 
Adequate detection resolution of SHM techniques is important in the evaluation process. 
Because the strength of CPVs is controlled by the fibres, the long-term behaviour of fibre 
breakage in operation is directly related to the residual strength and safe operating life of 
CPVs [16,36]. Therefore, fibre breakage must be the primary damage parameter for 
monitoring the health condition of CPVs, with other types of damage (delamination, matrix 
cracks, fibre-matrix debonding) being of secondary importance. Although delamination 
damage can cause an abrupt loss in stiffness at the damage location, the stiffness reduction 
can provoke localised clusters of fibre breakage prior the final rupture. 
 
Of the three techniques, AE has the highest resolution for the detection of fibre breakage. 
Moreover, AE is able to measure the number of fibre breaks and other damage types when a 
damage discrimination procedure is used (e.g. frequency, rise-time, and amplitude). Thus, the 
initiation and accumulation of specific damage modes that occur in the long-term operation of 
CPVs may be monitored using AE. The capability of damage quantification is essential to 
facilitate a damage prognosis analysis indicating progress toward life-prediction [30].  
 
The main shortcoming of AE when applied to CPVs is the problem of signal attenuation. This 
can result in the amplitude reduction of an AE event, and subsequently the AE system will 
fail to record the event when the noise amplitude is attenuated below the acquisition threshold. 
Consequently, the misinterpretation of damage diagnosis results due to an underestimation of 
the actual damage level can affect the accuracy of structural integrity assessment. This 
problem might be resolved using multi-detection zones distributed around the CPV so that a 
sensitive coverage of detection can avoid the missed AE events due to signal attenuation. 
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Numerous studies [12,65-75] have proven that AU and strain monitoring by optical fibre 
sensors are able to detect medium-to-large size damage which results in significant stiffness 
reduction to the material. In the other words, the sensitivity of these two techniques depends 
on the size, location, and type of damage. Therefore, the use of AU and optical fibre strain 
monitoring systems for structural health monitoring of CPVs relies on the monitoring of 
stiffness degradation, although stiffness monitoring may not be sensitive to discrete fibre 
breakages. In numerical modelling, it might be difficult to couple the AU results to structural 
models as the stress wave factor (which correlates the attenuation of interrogating wave to 
damage severity) is not a physical parameter. Because optical fibre sensors can quantitatively 
measure in real-time the stiffness, it is more suitable in the development of a physics-based 
model for damage prognosis analysis. This is one reason that much research has been 
conducted on strain monitoring techniques for CPVs [13,24, 26-28,81].  
 
The development and testing of strain monitoring techniques for CPVs is less mature than AE 
monitoring. Optical fibre sensors for strain monitoring can be installed to vessels by surface-
mounting or embedding within the wall. Most studies on the strain monitoring technique for 
CPVs have focused on the practical issue of embedding sensors into the structure 
[13,25,26,28], but little work has been reported on correlating the strain results with residual 
structural integrity. The application of the strain monitoring technique to CPVs requires a 
compact sensor array embedded in the structure to facilitate structural health monitoring at the 
global scale. However, as discussed previously, the reliability of fibre optic sensors in 
operation [26,82] and the repair issues with faulty sensors might be problematic if an 
enormous number of sensors have to be implemented into CPVs. Also, a compact sensor 
array embedded into the vessel wall can reduce the mechanical properties of the composite 
[83]. 
 
Based on the analysis, it appears that AE technology is more suitable for structural health 
monitoring of CPVs, even though strain monitoring using Bragg grating optical fibre sensors 
shows great potential. AE is capable of monitoring fibre breakage which controls the residual 
structural performance of CPVs. Second, AE is a mature technology whereas Bragg grating 
optical sensors and acousto-ultrasonics are still under assessment for CPVs. Third, a validated 
model that can efficiently simulate the development of fibre breakage from AE analysis has 
been proposed by Bunsell et al. [18,19,59]. A cross-validation process can be used to enhance 
the accuracy of structural health evaluation.  
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Based on this review and critical analysis of the types of in-service damage to CPVs and the 
sensitivity of various NDT technologies to facilitate structural health monitoring, it was 
decided that this PhD project would focus on the further development of acoustic emission 
monitoring for the SHM of CPVs. Because knowledge of the long-term damage behaviour of 
CNG composite cylinders on road vehicles is lacking, the aim of this project is to analyse the 
long-term damage process of composite cylinders using AE so that this knowledge can be 
incorporated into the development of SHM system for CPVs. 
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Table 2.6: Comparison of acoustic emission, acousto-ultrasonic, and strain monitoring techniques. 
 Acoustic emission Acousto-ultrasonic Strain monitoring 
Type of sensors Piezoelectric sensors Piezoelectric sensors Fibre optics sensors 
Type of detection 
technique 
Passive Active Passive 
Type of damage High  
(Fibre breakage scale) 
Medium 
 (Matrix cracking/ 
Delamination scale) 
Medium  
(Matrix cracking/ 
Delamination scale) 
Type of analysis 
technique 
Qualitative and 
Quantitative 
Mainly Qualitative and 
Quantitative 
Qualitative 
Advantage - High sensitivity to 
damage development. 
- Can perform global 
detection. 
- Ability to distinguish 
between some types 
of damage. 
- Can perform damage 
location analysis. 
- Can perform global 
detection using Lamb 
wave. 
- Can detect surface 
defects and internal 
defects. 
- Can identify the size 
and location of the 
damage. 
 
 
 
 
- Simple technique. 
- High signal to noise 
ratio. 
- Immune to 
electromagnetic 
interference. 
- Excellent in corrosion 
and fatigue resistance. 
- Allows the integration 
of temperature and 
strain sensors. 
- Can identify damage 
location. 
Disadvantage - Susceptible to 
electromagnetic 
interference. 
- Low signal to noise 
ratio. 
- Complex data 
processing. 
- Requires complex 
data monitoring. 
- Susceptible to signal 
attenuation. 
- Susceptible to 
electromagnetic 
interference. 
- Low signal to noise 
ratio. 
- Complex data 
processing. 
- Damage discrimination 
could be difficult. 
 
- Require external power 
source. 
- Localised detection. 
- Susceptible to impact 
damage. 
- Requiring handling 
care in practice. 
- Repairing issues for 
embedded faulty 
sensors may be 
problematic. 
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2.6. SUMMARY 
 
Literature study on structural health monitoring system for composite pressure vessels used 
for the storage of compressed fuel gas on road vehicles was performed. The goal of this 
review was to identify technology gaps in the development of a SHM system for CPVs with 
the focus given to life-time prediction. The review consists of four parts: 
• A thorough overview of CPV technology (Section 2.1); 
• Damage prognosis analysis in SHM (Section 2.2); 
• A feasibility survey of suitable NDT systems for CPVs (Sections 2.3 and 2.4); 
• An evaluation analysis of NDT systems for CPVs (Section 2.5). 
 
Composite pressure vessel technology is the advancement of traditional metal pressure 
cylinders. Instead of using steel or aluminum structure, CPVs are made with a metal or plastic 
liner overwrapped with a composite skin (typically carbon-epoxy or glass-epoxy composites), 
which is designed to provide the majority of structural strength and stiffness. In general, 
CPVs show lighter weight and higher fatigue performance than the traditional metal cylinder. 
Since fibre filaments used in the composite skin are placed on the geodesic path of cylinder, 
the filaments tend to experience tensile load when the cylinder is pressurised and break when 
the tensile load exerted on the filaments exceed their failure stress, and that is analogous to 
fibre break mechanism in a unidirectional laminate subjected to axial tensile load. Since the 
strength of CPV is mainly governed by the intrinsic properties of fibre, then failure of fibre 
filament is a critical damage to structural integrity of CPV. Nevertheless, other damage 
mechanisms could also appear in the laminate skin of CPV under pressurisation, such as intra-
laminar and inter-laminar matrix cracks and delamination.  
 
When composite pressure vessels are operated in the field, visual inspection technique 
examining the surface of composite skin of CPV for any visible damage is the primary 
technique to evaluate the structural condition of the cylinder. However, this technique is 
unlikely to examine the structural condition within the composite skin and thus it is possible 
to obtain false negative inspection result. From this, it is appeared that a lack of proper 
structural health monitoring system is the first technology gap identified for the application of 
composite pressure vessel technology on fuel storage used on road vehicles. 
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As the next-generation SHM system, damage prognosis was reviewed in this chapter. The 
goal of damage prognosis is to predict the remaining useful life-time of a system (or a 
structure) using quantitative method, which involves evaluation of current damage state of the 
system, prediction of the future damage state, and calculation of the remaining life-time. Thus, 
the prognostic analysis involves integrating multi-discipline technologies – i.e. structural 
usage monitoring, structural health monitoring, determination of structural limit, and future 
damage estimation. This review suggests that a robust structural health monitoring system 
allowing quantitative analysis is needed to facilitate damage prognosis study. 
 
A feasibility survey of suitable non-destructive techniques for CPVs was performed. Acousto-
ultrasonic, Bragg-grating optical fibre monitoring, and acoustic emission have been 
investigated for their capabilities and potentialities of damage detection for composite 
pressure vessels. As an active inspection technique, AU emits ultrasonic waves (lamb waves) 
to scan composite structure using piezo-electric transducers and then the scanned waves are 
retrieved and analysed. In the AU analysis, any abnormal change to acoustic energy, velocity, 
or frequency responses of the scanned waves could indicate the presence of new damage 
within the structure. The sensitivity of AU technique is highly dependent on the reduction in 
material stiffness due to damage. Many studies [7, 65-71] show that AU monitoring is able to 
detect matrix crack and delamination but not fibre breakage. Although AU monitoring of 
composite structure has been an active field of research for 25 years, little research of AU 
monitoring of CPVs was available.  
 
Bragg-grating optical fibre monitoring of CPVs is one type of strain monitoring technique. 
Unlike traditional strain monitoring using electrical strain gauge, FBG sensors are immune to 
electromagnetic impedance and each optical fibre can contain multiple FBG sensors, which 
allows facilitating global damage monitoring. Due to its small-size, light-weight and high 
geometrical adaptability, FBG sensors can be embedded inside the structure. However, a 
major practical disadvantage of FBG is their inherent brittleness, and malfunction of sensors 
resulting from impact damage can cause false negative detection. Similar to AU, the 
sensitivity of Bragg-grating optical fibre monitoring is highly dependent on the change to 
strain field due to damage. The strain monitoring using FBG sensors on CPVs is still a new 
field of research and more study must be conducted to correlate the strain monitoring results 
with the residual structural performance of CPVs. 
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Unlike AU and Bragg-grating optical fibre monitoring, AE detects damage in a passive way. 
When composite damage occurs in the laminate, strain energy released by the damage can be 
detected as transient stress waves using piezo-electric transducers. After that, it is possible to 
analyse the detected waveform using several acoustic parameters, such as amplitude, rise-time, 
duration, and frequency features. Various damage discrimination techniques were reported to 
separate acoustic noises associated to different types of composite damage, for example 
feature analysis [38-47], frequency analysis [39,46-53], modal analysis [37,54], and power 
spectrum analysis [47,51]. Each type of composite damage may have different acoustic 
signature. Compared to AU and Bragg-grating optical fibre monitoring, AE has more 
potentiality to quantitatively measure the discrete damage events within composite materials 
under an externally applied load.  
 
Several scientific studies on damage monitoring of CPVs using AE have been reported. 
Bunsell and the colleagues [16, 19, 36] developed a periodic structural integrity assessment 
system for CPVs which is based on long-term fibre damage due to constant pressure loading. 
The system involves measuring the rate of fibre damage events of the cylinder subjected to a 
static pressure load for a period of inspection time using AE and then comparing the 
measured damage rate of the CPV with respect to the master curve. If the cylinder is deemed 
to be acceptable, then the AE activities detected in the inspection must be lower than the 
master curve. When the acoustic emission rates recorded exceeds the master curve then the 
cylinder contains an excessive number of broken fibres and must be removed from service. 
However, this structural assessment system requires the in-service damage history of the 
vessel, which might be difficult to obtain in the CPV operation on road vehicles. 
 
An evaluation analysis of suitable NDT systems for composite pressure vessels among the 
three promising techniques – AU, Bragg-grating optical fibre monitoring, and AE was 
performed. Since fibre break is the most critical damage to composite pressure vessel, the 
potentiality and capability of detecting discrete fibre damage events are the first criterion 
applied in the evaluation process. The second criterion applied is the potentiality of 
integrating NDT system into the damage prognosis study, which requires the SHM system 
have damage quantitative feature. Of the three techniques, it is appeared that AE is the most 
suitable technique for structural health monitoring of CPVs, and this is attributed to two 
reasons. First, AE has the highest damage detection resolution, which is up to fibre damage 
scale whereas AU and FBG sensors are unlikely to detect discrete fibre break. Second, AE 
may be able to measure discrete damage events in a quantitative way, which is an essential 
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feature for facilitating damage prognosis analysis but AU and Bragg-grating optical fibre 
monitoring are not able to. Thus, it may be possible to integrate AE monitoring into damage 
prognosis analysis. Based on this review and critical analysis of the types of in-service 
damage to CPVs and the sensitivity of various NDT technologies to facilitate structural health 
monitoring, it was decided that this PhD project would focus on the further development of 
acoustic emission monitoring for the SHM of CPVs.  
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ABSTRACT 
This chapter presents an experimental study into the use of AE monitoring to discriminate 
between fibre breakage and matrix cracking in carbon fibre/epoxy laminate used in pressure 
vessels. Discrimination between these two damage processes is necessary for structural 
integrity assessment of vessels. AE results for [0] and [90] laminates showed that single 
damage mechanism was dominant in each material – fibre rupture for the [0] laminate and 
fibre/matrix cracking for the [90] laminate. These two damage mechanisms were successfully 
discriminated using feature analysis and partial power analysis of the AE signals for the [0] 
and [90] carbon-epoxy laminates when subjected to tensile loading. Similar AE properties 
were recorded for carbon fibre rupture and epoxy matrix cracking events, which were 
characterised by low amplitude, short duration, and high frequency acoustic responses. 
However, a slight disparity in the power distribution of the acoustic waveforms for the two 
damage events was identified, and this was used to discriminate between fibre damage and 
matrix cracking. Based on the difference in acoustic power distribution, this chapter presents 
the first study into damage discrimination analysis between fibre rupture and matrix cracking 
using partial power analysis. The acoustic power fraction was calculated by dividing the total 
power over the frequency range of 826 – 1000 kHz by the wider distinct frequency range of 
300 – 1000 kHz. Matrix crack and fibre rupture events were identified to have acoustic power 
fractions between 0 – 2 % and 2 – 20%, respectively. However, the AE signature properties 
for fibre rupture and matrix cracking changed for cross-ply [02/902]S laminates, in particular 
the acoustic frequency response. This reveals that the AE properties for different damage 
mechanisms are dependent on the fibre pattern of the laminate. These results have important 
practical implications when using AE for the structural health monitoring of composite 
pressure vessels.  
 
 
3.1. INTRODUCTION AND RESEARCH OBJECTIVE 
In the literature review presented in chapter 2, it was reported that published research into the 
characterisation of composite damage using acoustic emission was incomplete, and in some 
cases the AE signatures for the same type of damage were different. For example, diverse 
ranges of amplitude and frequency responses for carbon fibre breakage were reported in 
different scientific studies: less than 50 dB by Ono et al.  [1,2], 60 – 75 dB by Bohse [3], 95 – 
100 dB by Siron and Tsuda [4]; over 300 kHz by de Groot et al. [5], 405 kHz by Bussiba et al. 
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[6], 500 kHz by Bohse [3], and 700 kHz by Nam et al. [7]. These differences might be 
attributed to the type of carbon-epoxy material, including the fibre type, the ply stacking 
pattern, the dimensions of the laminate, as well as the type of AE transducers and AE test set-
up. In many instances, the acoustic frequency for other damage processes, such as 
delamination or matrix cracking, overlap with fibre breakage, making the identification of 
fibre rupture a different process to clearly identify.  
 
The goal of this PhD project is to investigate the long-term damage behaviour of CNG 
composite cylinders used on road vehicles by AE monitoring fibre rupture events over the 
service life-time. This project was conducted as groundwork for the development of a 
structural health monitoring system for CPVs. Therefore, it is critical to develop a damage 
characterisation technique using AE so that a discrimination procedure for classifying 
different damage types can be established, in particular for fibre rupture. 
 
The damage characterisation study presented in this chapter begins with AE signature analysis 
of the constitute materials to carbon-epoxy laminates for pressure vessels: bundles of dry 
carbon fibre were broken in tension to determine the AE signature of fibre failure and 
unreinforced epoxy resin specimens were tension tested to identify the AE response for 
matrix cracking. The AE signatures from these tests were analysed to identify a reliable 
means of discriminating between the fibre and matrix failure processes. After analysing the 
constituent materials, tests on unidirectional carbon fibre-epoxy laminate specimens were 
performed to analyse the AE signatures when the dominant damage event was fibre failure. 
While transverse matrix and longitudinal splitting cracks also occur, the [0] laminate was the 
best material system to study the AE signal for fibre breakage. Matrix cracking dominated 
when these composites were loaded at 90° with respect to the fibre direction. A discrimination 
method for fibre breakage and matrix cracking is proposed according to the AE analysis of 
damage generated in [0] and [90] laminates under tensile loading. Following this, AE analysis 
was performed on cross-ply laminates – [0/0/90/90/90/90/0/0] and [90/90/0/0/0/0/90/90] 
materials – under tensile loading. Multiple damage mechanisms occurred in these laminates, 
including fibre rupture and matrix cracking. The damage discrimination method was applied 
to the AE signals for the cross-ply laminates to validate the capability of identifying fibre 
breakage from other damage types. In addition, microstructural analysis was conducted on 
fractured cross-ply laminates to identify the damage processes developed under tensile 
loading. 
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A similar experimental approach for developing a damage discrimination method has been 
reported in previous studies, i.e. different fibre pattern laminates that developed single-
damage dominant mechanisms were tested to characterise the AE properties of specific 
damage types. Huget et al. [8] and Godin et al. [9] characterised matrix cracking, interfacial 
debonding, and fibre rupture using pure resin, 90 laminate, and single fibre composites, 
respectively. Dzenis and Qian [10] used [0] and [90] laminates to analyse the AE properties of 
fibre rupture and matrix cracking, respectively, and from this analysis a discrimination 
method was applied to differentiate the damage.  
 
In this study, two types of AE analysis are applied to discriminate between fibre breakage and 
matrix cracking: acoustic feature analysis and acoustic power fraction analysis. Feature 
analysis involves analysing the AE parameters, including amplitude, duration, and frequency 
centroid responses, to distinguish between different damage types. As reported in previous 
studies [1-4,11,12], acoustic feature analysis is the most used technique to identify damage in 
carbon-epoxy laminates. Power spectrum analysis is used to study the variation in power 
distribution over a frequency range to discriminate between different damage types by 
classifying acoustic waveforms into flexural waves (0 – 350 kHz) or extensional waves (350 – 
1000 kHz). However, this method is difficult to differentiate damage if detected to have the 
power distribution within a similar range of frequency responses. In this study, it is the first 
time that the power spectrum analysis is performed using the customised wave parts, based on 
the disparity of power distribution over a certain frequency range between two damage events. 
The benefit of the modified power spectrum analysis is it more effectively discriminates 
between different damage types even if the differences in power spectrums are very little. The 
research work presented in this chapter forms the basis for future research (presented in later 
chapters in this PhD thesis) to develop a damage prognosis methodology based on AE for 
CPVs. 
 
 
3.2. MATERIALS AND EXPERIMENTAL METHODOLOGY 
3.2.1. Materials  
The constituents of carbon-epoxy laminates used in CPVs were analysed individually using 
AE: Toray T700 carbon fibre bundles with the tow size of 24K and pure (unreinforced) resin 
specimens produced using West System 105 epoxy. 
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Two types of carbon-epoxy material systems and manufacturing processes were used to 
fabricate laminate specimens. One type of prepreg consisted of Mitsubishi TRH 50 carbon 
fibres and R367–2 epoxy resin, and this was laid-up into four types of carbon-epoxy samples: 
[0]4, [90]4, [02/902]s, and [902/02]s laminates. These laminates were cured in an autoclave at an 
overpressure of 0.5 MPa and temperature of 136°C for 3.5 hour. A fibre volume fraction of 
62% was obtained for the cured laminates. A second type of unidirectional laminate was 
fabricated using the pultrusion process from a material system of Toray T700 carbon fibres 
and 265 epoxy resin. An average fibre volume fraction of 65% was obtained with the 
pultruded specimens. The purpose of testing two types of [0] laminates was to compare the 
AE properties for carbon fibre rupture in [0] prepreg and pultruded laminates which have 
different tensile properties.  
 
The tensile properties for the epoxy resin, [0] pultruded, [0] prepreg, [90], [02/902]S and 
[902/02]S laminates were measured in this study. The properties for the carbon fibre bundles 
were obtained from the technical data sheet of the manufacture [13]. Three replicate tests 
were performed for each type of material. The samples were subjected to monotonic tensile 
loading at the displacement rate of 1 mm/min until failure. Details of the materials used and 
the tensile specimen dimensions are provided in Tables 3.1 and 3.2. 
 
Table 3.1: Material and dimension for the tensile test specimens. 
Specimen Material Dimension   (L x W x T) (mm) 
Carbon fibre 
bundles 
T700 Toray carbon fibre 300 (Length) 
Epoxy resin West system 105 epoxy 150 x 25 x 4.6 
[0] T700/265 Epoxy 150 x 12 x 0.9 
[04] TRH 50 / R367-2 150 x 20 x 1.2 
[904] TRH 50 / R367-2 150 x 20 x 1.2 
[02/902]S TRH 50 / R367-2 150 x 20 x 2.4 
[902/02]S TRH 50 / R367-2 150 x 20 x 2.4 
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Table 3.2: Tensile properties of the test materials. The bracket shows the scatter to the material properties, 
where the upper and lower values were calculated as the percentage of the average property value.  
Specimen Tensile modulus 
(GPa) 
Failure stress 
(MPa) 
Failure strain 
Carbon fibre bundles 230.0 4900 1.80% 
Epoxy resin 2.1 
 (-8.3% ~ +5.6%) 
42  
(-1.4% ~ +2.2%) 
4.40%  
(-13% ~ +15%) 
[0] 165.9  
(-3.5% ~ +2.5%) 
3016  
(-0.4 % ~ +0.2%) 
1.79%  
(-2.7% ~ +2.9%) 
[04] 130.2  
(-5.8% ~ +6.5%) 
2223  
(-2% ~ +2%) 
1.74%  
(-6.6% ~ +6.1%) 
[904] 7.4 
(-0.9% ~ +0.9%) 
31  
(-7% ~ +7%) 
0.41%  
(-6.2% ~ +6.2%) 
[02/902]S 65.3 
 (-1.5% ~ +2.4%) 
1044  
(-1.2% ~ +1.9%) 
1.61%  
(-0.9% ~ +0.4%) 
[902/02]S 66.7 
 (-3.5% ~ +4.0%) 
1055  
(- 1.6% ~ 2.1%) 
1.59%  
(-5.1% ~ +4.9%) 
 
 
3.2.2. Acoustic Emission Testing 
Two types of acoustic emission systems were used in this PhD study for the research work 
performed at RMIT University and Ecole des Minies de Paris (Centre des Materiaux). One 
acoustic emission system (Physical Acoustic Corporation, PCI-2) was used in the testing of 
carbon fibre bundles and epoxy resin specimens at RMIT University. Wide-band transducers 
(Physcial Acoustic Corporation, WD) with the frequency range of 100 – 900 kHz were used. 
AE signals detected by the transducers were magnified using a preamplifier (Physical 
Acoustic Corporation, 2/4/6) with a gain of 40 dB and additional amplification of 40 dB using 
the AE system.  
 
The second acoustic emission system (Physical Acoustic Corporation, Mistras 2001) was 
used in the testing of carbon-epoxy specimens at the Centre des Materiaux. Similar to the 
frequency range of the WD transducers, resonant transducers (Physical Acoustic Corporation, 
Micro80) with the frequency range of 175 – 1000 kHz were used. The same amplification (80 
dB) was used to increase the strength of the AE signals using a different type of preamplifier 
(Physical Acoustic Corporation, 1220A). A viscous coupling agent (silicone gel) was used to 
ensure transmission of acoustic waves between the specimen and transducers with minimal 
attenuation at the interface. The transducers were held against the specimens using 
mechanical clamps. The acquisition parameters for the AE analysis using both systems are 
given in Table 3.3. Figure 3.1 shows the AE equipment used in this study at the Centre des 
Materiaux. 
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Table 3.3: The acquisition setup for acoustic emission monitoring.  
Amplitude threshold 40 dB 
Peak definition time 50 µsec 
Hit definition time 100 µsec 
Hit lockout time 200 µsec 
Band-pass filter 100 – 1000 kHz 
Sampling rate 1 Msample/sec 
Hit length (This determines the size of a waveform message) 1 k 
 
 
  
Figure 3.1: AE equipment: (1) Mistras AE acquisition system, (2) Micro-80 AE transducer, (3) 1220-A 
preamplifier, and (4) silicone grease and mechanical pencil used for pencil lead break test. 
 
 
A single WD transducer placed at the centre of the specimen was used to detect acoustic 
emission events during tensile testing of the carbon fibre bundle and unreinforced epoxy resin 
specimens. For the laminate testing, the AE system used two transducers to locate the 
emission sources based on differences in time-of-flight. The transducers were located 80 mm 
apart on the plate specimens. 
 
The acoustic emission wave speed in the laminate specimens was determined using the Hsu-
Nielsen lead pencil break test in accordance with ASTM 976 [14]. Acoustic attenuation 
analysis was conducted on the carbon-epoxy laminates using the lead pencil break test. When 
acoustic waves travel in a medium, a reduction to the wave amplitude is dependent on the 
type of the medium (i.e. material density and modulus). Composite materials can be more 
susceptible to attenuation than metals due to the fibre-matrix interfaces which cause wave 
scattering and reflection. The objective of this analysis was to identify the effect of noise 
attenuation on the reduction to the AE signal response with respect to increasing attenuation 
distance, that is defined by the distance between the two AE transducers. The study involved 
evaluating five attenuation distances – 20, 60, 80, 100 and 140 mm – on the [0] pultruded, [0] 
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prepreg, [02/902]S, and [902/02]S laminates. The region between the two transducers was 
defined as the detection zone and five lead pencil breaks were triggered near the outside of the 
detection zone (as shown in Figure 3.2) next to one of the AE transducers. The difference in 
the AE signals detected by the two transducers was used to quantify signal attenuation. 
 
A"enua'on distance 
AE transducer 2 AE transducer 1 
AE source 
Pencil lead break 
Composite specimen   
Figure 3.2: Illustration of the AE attenuation analysis on a composite specimen. 
 
 
The definitions for the AE parameters used for damage discrimination analysis in this study 
are as follows: 
 
Table 3.4: Definitions of AE parameters. (From Physical Acoustics Corporation [15]). 
Hit The detection of a single AE event. 
Event A local material change giving rise to an acoustic emission. 
Amplitude Maximum (positive or negative) AE signal level during an AE hit. 
Amplitude is expressed in dB and is determined using:  
GdB = 20 log
Vmax
V0
!
"
#
$
%
&− dBpreamp  ( )  (Equation 3.1) 
where GdB is the power gain expressed in dB, Vmax is the voltage being 
measured, V0 is a specified reference voltage, which is 1 mvolt, and 
dBpreamp is the power gain of the preamplified used. 
Rise-time The time (msec) between the first threshold crossing and the peak 
amplitude of an AE hit. 
Duration The time period (msec) between the first and last threshold crossing of 
an AE signal. 
Absolute energy True energy measure (attoJoules) of an AE hit, which is determined 
from the integral of the squared voltage signal divided by the reference 
resistance (10 k-ohms) over the duration of the AE waveform. 
Frequency centroid The frequency centroid is calculated from the Fast Fourier Transform of 
the AE signal using the equation: 
Frequency centroid =
f n( ) x n( )n=0
N−1
∑
x n( )n=0
N−1
∑
  (Equation 3.2) 
where x(n) represents the weighted frequency value, or magnitude, of 
bin number n, and f(n) represents the center frequency of the given bin, 
n.
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Some of the AE parameters are shown in Figure 3.3. 
 
!
!
AE Duration
AE Threshold
AE Signal (AE Waveform)
Time of Hit
AE Counts
AE Amplitude
Rise Time
 
Figure 3.3: A schematic display depicting the AE parameters in a single AE signal (hit). 
 
 
Multi-discipline discrimination techniques involving acoustic hit, amplitude, and frequency 
analyses were used to discriminate different types of composite damage in this project. 
Cumulative number of AE hit analysis is commonly used to study the damage profile 
(number of damage events) with respect to load level or loading time [16-18]. Therefore, 
acoustic hit parameter was applied to quantify number of damage content within composite 
laminates under tensile load and AE hits recorded by individual AE transducers were added 
together to calculate cumulative number of AE hits. Associated to energy release of damage, 
acoustic amplitude parameter was used to discriminate damage events with different energy 
content. The amplitude technique is efficient in discriminating high-energy damage events, 
for example matrix macro-cracks and delamination, from other low-energy damage events. 
Acoustic frequency parameter was reported to be an effective feature to discriminate different 
types of mechanism [3,5-7,11,19-21], in particular to the mixture of damage events with 
similar energy content, since frequency response of damage event is highly dependent on 
motion of damage crack face with respect to loading plane. Other parameters, such as acoustic 
duration, was also analysed in order to support the discrimination result obtained by the other 
three techniques.  
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3.2.2.1. Linear Location Algorithm 
A linear location algorithm was used to identify the location of AE sources in the laminate 
using two or more AE transducers. This algorithm is based on the analysis of time differences 
between the arrivals of acoustic waves to the AE transducers. The algorithm uses the time 
difference and wave velocity of the material to calculate the position of the AE source relative 
to the transducers. In this study the wave velocity of each type of carbon-epoxy laminate was 
determined experimentally by generating artificial AE signals (pencil lead break test) at a 
known distance from the transducers. The distance between the AE source and transducer that 
the AE event is first detected can be calculated using:  
 
         dhit =
1
2
D−Δt ×V
W( )        (Equation 3.3) 
where dhit represents distance from first hit sensor (mm), D represents distance between 
sensors (mm), ∆t represents difference in time-of-flight between two AE transducers (sec), 
and VW represents wave velocity (mm/sec). 
 
 
3.2.2.2. Attenuation Effect Analysis for Carbon-Epoxy Laminates 
The attenuation of ultrasonic waves is attributed to the combined effects of scattering and 
absorption [22]. Scattering is the reflection of the sound wave from its original propagation 
vector. Absorption is the conversion of the sound wave energy to other forms of energy (e.g. 
heat). In unidirectional carbon-epoxy composites, wave attenuation is mainly caused by 
viscoelastic absorption loss by epoxy matrix and wave scattering due to random distributed 
fibres and epoxy matrix [23]. In the other word, composite laminates with higher content of 
epoxy matrix should exhibit higher attenuation characteristics [24]. Usually acoustic 
attenuation shows an exponential decay relationship between energy reduction and wave 
propagation distance [22].  
 
The effect of attenuation on the AE properties of stress waves travelling through the different 
types of carbon-epoxy laminates was studied: [0] pultruded laminate, [04] prepreg laminate, 
[02/902]S laminate, and [902/02]S laminate. As expected, attenuation can significantly alter the 
amplitude properties of AE waves generated from damage. Figure 3.4 shows the amplitude 
reduction with respect to increasing attenuation distance for the different types of laminate. 
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Similar attenuation-distance trends were obtained for the different laminates: a steady 
decrease in amplitude response from 20 to 80 mm of attenuation distance and then the 
amplitude remained relatively constant. In other words, the attenuation effect on the AE 
amplitude loss response diminished over 80 mm of the attenuation distance, indicating a 
threshold level beyond which attenuation became no longer effective in the laminate. The 
trend of the attenuation effect curves corresponds to the typical exponential decay 
phenomenon for an ultrasonic wave travelling in a solid [22]. 
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Figure 3.4: Signal attenuation results showing the reduction in amplitude response over the distance of 
attenuation for the different types of carbon-epoxy laminate. 
 
 
The results in Figure 3.4 indicate no significant difference in the amplitude reduction for the 
different laminates, except the [0] prepreg laminate. It is expected that the [02/902]S and 
[902/02]S laminates will exhibit similar attenuation curves due to their similar ply orientation 
and material properties. For the [0] laminates, higher acoustic attenuation was detected in the 
[0] prepreg laminate, and this may be due to its higher epoxy matrix content in the laminate 
(i.e. approximately 10% higher than the pultruded laminate), which results in greater 
amplitude damping.  
 
Since acoustic attenuation is proportional to the square of the wave frequency [22], the 
extensional wave (high frequency mode) is more susceptible to attenuation than the flexural 
wave. As a result, the frequency centroid of an AE wave should decrease with increasing 
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wave propagation distance when the higher frequency component of the acoustic wave 
attenuates faster than the lower frequency component. In the frequency attenuation analysis, a 
large scatter in the frequency responses of virgin elastic waves triggered by pencil lead break 
tests was detected and this is because it was unlikely to produce artificial elastic waves with 
consistent frequency profile. Figure 3.5 shows a general trend of decreasing in frequency 
response with increasing attenuation distance for the UD and cross-ply composites except the 
pultruded laminate, and this was in agreement with acoustic attenuation theory. The different 
trend observed for the [0] pultruded laminate is mainly due to the inconsistency of frequency 
responses of the original elastic waves produced by pencil lead break test, which varied 
between 390 – 487 kHz.  
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Figure 3.5: Signal attenuation results showing the reduction to frequency centroid response over the distance of 
attenuation for the different types of carbon-epoxy laminate. 
 
 
3.2.3. Tensile Testing of Carbon Fibre Bundles, Epoxy Resin, and Carbon-
Epoxy Laminates with AE Monitoring 
Tensile tests on carbon fibre bundles and epoxy resin specimens were conducted using an 
electromechanically driven Instron machine (Model Instron 5900 testing system) at RMIT 
University. A fibre bundle testing rig was used for tensile testing of the dry carbon bundles, as 
shown in Figure 3.6. The [0] and [90] laminate coupons were tensile tested using an 
electromechanically driven Instron machine (Model Instron TT-CM-L) at the Centre des 
Materiaux. A hydraulic loading machine (Model Jacottet 10000 daN) was used to test the two 
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types of cross-ply laminate. Different loading rates were used for different specimen types as 
high rates of damage were found to cause noise acquisition saturation in the AE monitoring of 
some materials. The displacement rates were 0.5 mm/min for tensile testing of the carbon 
fibre bundle and the pure resin coupons and 0.25 mm/min for testing of the laminates. The 
tensile testing with AE monitoring was performed under laboratory conditions (22°C; 55% 
relative humidity), and tests on each material type were repeated twice. 
 
  
Figure 3.6: Fibre testing rig; it shows the tensile testing of a carbon fibre bundle (which appears as a black line) 
using the fibre testing rig. 
 
 
A high-magnification camera (Model Donpisha XP-003P) was used during tensile testing to 
record photographic images of the evolution of matrix cracking in the transverse plies of the 
cross-ply laminate specimens. The increase in the number of matrix cracks was recorded with 
increasing tensile stress. Figure 3.7 shows the setup of the camera and acoustic emission 
system for tensile testing. Also, microscopic examination of the fracture surfaces to the cross-
ply laminates was conducted using a Zeiss Axiovert 405 M optical microscope. Microscopic 
photography was not performed on the [0] and [90] carbon-epoxy specimens because it was 
difficult to observe damage prior to final failure. 
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Figure 3.7: Test setup for the cross-ply laminate specimen with high-magnification camera and AE systems. 
 
 
3.3. RESULTS AND DISCUSSION 
3.3.1. AE Analysis of Carbon Fibre Bundles and Epoxy Resin Specimens  
As expected, a difference in the incidence of AE events between the tensile testing of carbon 
fibre bundles and epoxy resin was observed. Figure 3.8 shows typical AE results for the 
carbon bundle when subjected to increasing tensile stress (expressed as percentage normalised 
stress) to final failure. The normalised stress is the applied tensile stress divided by the 
ultimate tensile failure stress of the material. Figure 3.8 shows a progressive increase to the 
amplitude response with increasing applied tensile stress. Since the strain energy of the fibres 
increases with the applied stress, there is a corresponding rise in the AE amplitude response. 
A rapid rise in the number of AE hits in the bundle test conforms to the cumulative failure 
probability of fibre breakages based on Weibull statistical analysis [25]. These results clearly 
indicate significant variability in the fibre strengths within the bundle, which is expected. 
Pappas et al. [12] conducted a similar AE analysis on tensile testing of dry carbon fibre 
bundles. The acoustic noises for carbon fibre bundles under increasing tensile loading were 
detected within a range of amplitude responses (58 – 81 dB) [12].  
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Figure 3.8: Cumulative AE hits and amplitude response plots for the dry carbon bundle subjected to increasing 
tensile loading to failure. 
 
 
The epoxy resin exhibited little AE response before final tensile failure. Very little indication 
of micro-cracks was detected in the epoxy before final fracture, as shown in Figure 3.9, and 
this was because the initiation of transverse cracking induced immediate failure due to the low 
strength and toughness of the resin. The AE signature properties for fibre failure and matrix 
cracking obtained respectively from tensile tests on carbon fibre bundles and pure resin 
coupons are given in Table 3.5. Similar AE amplitude and duration responses for fibre rupture 
were found in this study and the study by Pappas et al [12], where fibre rupture was detected 
to have the amplitude response between 65 – 81 dB and duration response between 200 – 324 
µsec. Cracking of the pure resin was recorded to have a low frequency response around 195 
kHz, corresponding to that reported in previous studies [5,20]. 
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Figure 3.9: Cumulative AE hits and amplitude response plots for the epoxy resin subjected to increasing tensile 
loading to failure. 
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Table 3.5: AE properties for fibre failure and cracks detected from carbon fibre bundles and epoxy resin, 
respectively. 
 Carbon fibre bundle – fibre breakages Epoxy resin coupon–cracks 
Amplitude (dB) 60.5 46.5 
Duration (µsec) 233.6 413.7 
Frequency centroid (kHz) ~ 520 194.6 
 
 
3.3.2. AE Analysis of [0] and [90] Laminates  
3.3.2.1. AE Signature of [0] Laminates  
The AE signature properties for fibre damage in the two types of [0] carbon-epoxy laminate 
were determined under monotonic tensile loading. As mentioned, the purpose of testing two 
types of [0] laminate was to compare the AE signatures for fibre breakage from different 
carbon fibre composite systems. There were considerable differences in the tensile properties 
between the two laminates (Table 3.2), with the [0] pultruded laminate having tensile modulus 
and ultimate strength properties that were respectively 27% and 35% higher than the [0] 
prepreg laminate. In addition, different material quality was identified with the two laminates 
using microscopy. As shown in Figure 3.10, the [0] prepreg laminate had more porosity (0.7% 
by volume) than the [0] pultruded laminate, which was virtually void-free. 
 
    
Matrix voids 
 
Figure 3.10: Microscopy images for the [0] prepreg laminate (Left) and the [0] pultruded laminate (Right). 
 
 
Different AE results were obtained for the [0] prepreg and [0] pultruded laminates; in 
particular the AE location and AE frequency results. Figure 3.11 shows a relatively uniform 
distribution of AE events in the pultruded laminate whereas the AE events along the length of 
the prepreg laminate specimen were more concentrated near the edges and close to the two 
transducers. The more uniform distribution of AE events in the [0] pultruded laminate 
indicates that fibre damage occurs as a stochastic process with failure events occurring 
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throughout the material. Although matrix cracking also occurs in the [0] laminate, the 
majority of damage events are caused by fibre rupture. Concentrated damage was recorded in 
the [0] prepreg laminate at the locations of 5 mm and 75 mm. Since the 5 and 75 mm were 
close to the locations of the grips of the testing machine used, the concentrated damage is 
probably due to the development of fibre splitting at the free edge of the laminate initiating 
close to the testing grip where a high stress concentration zone developed and then the cracks 
tended to propagate toward the acoustic transducers, which interfered AE location monitoring. 
As the pultruded laminate was less likely to have longitudinal splitting events during tensile 
loading, a more uniform distribution of AE event over the monitoring zone was recorded. 
Despite the localised damage in the prepreg laminate, the majority of the AE events were 
evenly distributed between the locations of 20 to 60 mm. 
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Figure 3.11: Distribution of AE events detected over a distance of 80 mm on the [0] laminates under monotonic 
tensile loading; [1] and [2] indicate the location of AE transducer 1 and 2, respectively. 
 
 
Different AE hit frequency centroid distributions were recorded for the [0] pultruded and [0] 
prepreg laminates. Figure 3.12 shows that a symmetric AE frequency distribution over the 
range of 450 – 600 kHz was obtained for the pultruded laminate whereas a non-symmetric 
distribution over a broader frequency range was recorded for the prepreg laminate. A bell-
shape symmetric distribution for frequency is the result of acoustic wave attenuation. Since 
attenuation causes a reduction to the acoustic amplitude, which has a greater effect on 
extensional waves than flexural waves, it was expected that decreasing values of frequency 
occur with increasing wave propagation distance. Therefore, when a single type of damage is 
generated at different locations in the laminate, a variation of frequency responses should be 
recorded. The symmetric frequency distribution is indicative of a single damage mechanism 
prevail in the [0] pultruded laminate; i.e. fibre breakage. In other words, fibre rupture in the [0] 
pultruded laminate generates acoustic waves with frequencies between 450 – 600 kHz.  
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Figure 3.12: AE hit histogram of frequency results for the [0] prepreg and [0] pultruded laminates under tensile 
loading. 
 
 
Unlike the pultruded laminate, an asymmetric acoustic frequency distribution over the range 
of 350 – 700 kHz was recorded for the [0] prepreg laminate. As discussed, if the acoustic 
signal for the [0] prepreg laminate was dominated by fibre breaks then a single symmetric 
frequency distribution should be detected, as with the pultruded laminate. This implies that 
the asymmetric frequency distribution could be due to overlapping of frequency distributions 
caused by multiple damage processes. Since a higher void percentage was found in the [0] 
prepreg laminate, these pre-existing defects could possibly initiate matrix damage in the 
material during tensile loading, contributing the asymmetric frequency-hit distribution. It is 
well known that voids act as geometric stress raisers that initiate cracks in the matrix phase 
under tensile loading. However, supporting evidence of multiple damage processes occurring 
in the [0] prepreg laminate is lacking. Figure 3.12 also shows that the two laminates had 
similar frequency responses with the median frequency of 515 kHz for the [0] prepreg 
laminate and 525 kHz for the [0] pultruded laminate. Because fibre breakage is the primary 
damage mechanism in the two materials, it is not surprising that similar median frequency 
values were recorded. 
 
The frequency properties for fibre rupture recorded in the pultruded laminate agrees with AE 
analysis of [0] carbon-epoxy laminates reported in other scientific studies [5,6]. Although 
different average frequency values for carbon fibre breakage have been reported in other 
studies, fibre breakage is always characterised by high frequency acoustic events in the range 
of 300 – 700 kHz. For example, over 300 kHz was measured by de Groot et al. [5] and above 
400 kHz by Bussiba et al. [6]. The differences in the acoustic frequencies for carbon fibre 
breakage could be attributed to the different type of carbon fibres, fibre volume fraction of the 
laminate, and the thickness and dimensions of the specimen.  
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Figure 3.13 shows that similar AE amplitude responses were detected for the [0] prepreg and 
[0] pultruded laminates under tensile loading. The acoustic amplitude increased at a quasi-
linear rate with applied tensile stress for both [0] laminates, and this correlates with the 
amplitude results for dry carbon fibre bundles (Figure 3.8). As carbon fibres have a wide 
range of tensile failure stress values, it is expected that a range of amplitude responses for 
fibre breakage in the [0] laminates would be recorded. The higher the carbon fibre failure 
stress, the greater the strain energy is stored in the fibre under tensile loading and therefore 
when the fibre breaks are generated a higher amplitude event. 
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Figure 3.13: Population density of AE hits in amplitude – normalised stress domain for the [0] laminates. The 
colours represent the population density in terms of number of AE events for given amplitude ranges. 
 
 
Figure 3.14 shows that 95% of the total number of AE hits were recorded within the 
amplitude band of 40 – 60 dB for both the unidirectional laminates. As previously discussed, 
fibre rupture is the primary damage mechanism in these materials and therefore it is possible 
to correlate the AE hits with amplitude response below 60 dB to fibre breakage. However, this 
amplitude level is in disagreement with previous AE studies. A diverse range of amplitude 
values for carbon fibre breakage have been reported: less than 50 dB by Ono et al. [1,2], 60 – 
75 dB by Bohse [3], and 95 – 100 dB by Siron and Tsuda [4]. Although the fibres are the 
primary load-bearing component in [0] laminates, it is questionable whether discrete fibre 
rupture (microscopic-scale damage) can produce the medium – high amplitude response 
equivalent to that of macroscopic-scale damage, such as delamination [1,20]. Thus, in this 
study carbon fibre ruptures in the unidirectional laminate are believed to generate low – 
medium amplitude events, rather than high amplitude acoustic events. 
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Figure 3.14: Percentage of AE hits with respect to different levels of amplitude signals. 
 
 
 
3.3.2.2. AE Signature of [90] Laminate 
Without the reinforcement of unidirectional fibres aligned to tensile loading, the [90] carbon-
epoxy laminate failed at very low tensile stress and the failure mechanism was controlled by 
fibre/matrix debonding and matrix cracking events. In this study, matrix cracking in the [90] 
laminate was identified using AE as developing in a stochastic manner. Figure 3.15 shows 
that a relatively uniform AE event distribution occurred over the distance of 80 mm on the 
test specimen, and there was no obvious sign of localised damage. 
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Figure 3.15: AE event histogram of location results over a distance of 80 mm on the [90] laminate for 
monotonic tensile loading. [1] and [2] indicate the locations of AE transducer 1 and 2, respectively. 
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Feature analysis using the acoustic amplitude and frequency parameters was used to identify 
matrix cracks and fibre/matrix debonding in the [90] laminate. In Figure 3.16, the AE 
amplitude increased at a linear rate with the applied tensile stress up to about 75 dB, followed 
by an abrupt jump to the amplitude signal (99 dB) at final failure. The majority of AE hits 
were below 60 dB. In general, the size of the damage event should affect the amplitude and 
duration response, i.e. fibre rupture should develop lower amplitude, shorter duration waves 
than delamination cracking. Based on this assumption, it is possible to infer the damage 
processes for the [90] laminates under tensile loading. First, fibre/matrix cracking, 
corresponding to the low-medium amplitude hits, was the first damage to appear under tensile 
loading. Matrix cracks also developed in a stochastic manner with increasing tensile stress. 
The discrete fibre/matrix cracks then linked up via cracks through the resin-rich region 
resulting in final failure of the laminate, which emitted the final acoustic event which was a 
high amplitude signal. The low-medium AE amplitude response for matrix cracking agrees to 
that reported by Dzenis and Qian [10]. 
 
Normalised stress (%) 
  0               20             40               60              80            100   
A
E
 a
m
p
li
tu
d
e
 (
d
B
) 
100 
 
 
  90 
 
 
  80 
 
 
  70 
 
 
  60 
 
 
  50 
 
 
  40 
>   5.0 
>   4.0 
>   3.0 
>   2.0 
>   1.0 
<= 1.0 
 
 
Figure 3.16:Population density of AE hits in amplitude versus normalised stress for the [90] laminate. The 
colours represent the population density in terms of number of AE hits for the given amplitude. 
 
 
A symmetric AE frequency distribution over the range of 400 and 550 kHz was recorded for 
the [90] laminate, as shown in Figure 3.17. This suggests that a single damage mechanism – 
fibre/matrix debonding – dominated in the [90] laminate. As the majority of frequency signals 
were detected above 400 kHz, matrix cracking in the [90] laminate was characterised by high 
frequency acoustic signals. Surgeon and Wevers [26] believe that the frequency response 
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generated from composite damage depends on the crack-opening motion with respect to the 
plane of a specimen. In-plane cracking motion for fibre/matrix debonding in the [90] laminate 
and fibre breakage in the [0] laminates is depicted in Figure 3.18, and both types of damage 
are more likely to develop extensional waves (high frequency) rather than flexural waves (low 
frequency signal) [26]. 
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Figure 3.17:AE frequency histogram for the [90] laminate. 
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Figure 3.18: A schematic of the motion of crack faces for fibre breakage and matrix cracking in [0] and [90] 
laminates, respectively. The plane of the laminate is in the dimension of y and z directions, and the x-coordinate 
is the through-thickness direction of the laminate. 
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Several studies report that matrix cracking should generate low frequency signals in carbon-
epoxy material under tensile loading [5,7,10]. The disparity in AE frequency responses for 
matrix cracking might be attributed to the laminate thickness as 16 [7,10] or 32 ply [5] 
specimens were studied in previous work whereas only 4 plies were used in the [90] laminate 
for this study. A reduction to the frequency response of transverse matrix cracking occurs 
with increasing thickness of the [90] laminate. This means that damping of the acoustic signal 
increases when travelling through a greater thickness of the laminate. Therefore, the 
frequencies for transverse matrix cracking detected in this study were greater than that 
recorded in previous studies which used thicker [90] laminates [5,7,10]. 
 
In summary, two types of matrix cracks were detected in the [90] laminate: localised 
fibre/matrix cracks and long through-thickness cracks. The fibre/matrix cracks had an 
acoustic amplitude response between 40 – 60 dB, duration within 50 µsec, and frequency 
range between 400 – 550 kHz. The final through-thickness crack was characterised by high 
amplitude (99 dB), low frequency (320 kHz), and long duration (4070 µsec) acoustic 
properties. 
 
 
3.3.2.3. AE Discrimination between Fibre Breakage and Matrix Cracking  
Feature analysis of the AE signals was conducted to distinguish between different types of 
damage in carbon-epoxy laminates. Similar AE properties for fibre breakage and matrix 
cracking were detected in the [0] and [90] laminates, respectively. Table 3.6 shows that low 
amplitude, short duration, and high frequency AE signals were recorded for both fibre 
breakage and matrix cracks. The differentiation between these two damage types is difficult, 
if not impossible, using feature analysis. However, the through-thickness matrix crack is 
identifiable due to its high-energy and long duration acoustic signal. An amplitude filter was 
found to be effective for separating large-scale matrix damage from fibre breaks and fibre-
matrix debonding.  
 
Table 3.6: AE properties for fibre breakage (from [0] laminate), matrix cracks (from [90] laminate), and 
through-thickness matrix cracks (from [90] laminate). 
 Fibre breakage Matrix cracks Through-thickness matrix cracks 
Amplitude (dB) 40 – 60 40 – 60 > 90 
Duration (µsec) < 50 < 50 > 4000 
Frequency centroid (kHz) 450 – 600 400 – 550 250 – 330 
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Slight differences between the acoustic frequency responses were recorded for fibre breakage 
and matrix cracking, and therefore these two damage types should generate different acoustic 
power spectrums. The power spectrum defines the power distribution of an acoustic 
waveform over a wide frequency range. Figure 3.19 shows AE power spectrums for the [0] 
pultruded laminate, [0] prepreg laminate, and [90] laminate. For the two [0] laminates, a 
similar power distribution was detected over the frequency range of 300 – 1000 kHz whereas 
a decrease in power content was recorded for the [90] laminate beyond the frequency of 600 
kHz (as shown in the shaded region in Figure 3.19). These findings are, however, different to 
the results reported by Kristech and Bohse [3,20] where the power spectrums for fibre rupture 
and matrix cracking in carbon-epoxy laminates were found to dominant in the range of 400 – 
1000 kHz and 0 – 400 kHz, respectively (Figure 2.16). 
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Figure 3.19: Comparison of AE power spectrums for [0] pultruded laminate, [0] prepreg laminate and [90] 
laminates over the frequency range of 0 – 1000 kHz. The shaded region shows the frequency range where the 
power distribution for the [90] composite is different to the [0] composites. 
 
 
3.3.2.3.1. AE Damage Discrimination using Partial Power (PP) Algorithm 
A damage discrimination method between fibre breakage and matrix cracking is proposed in 
this study using the partial power algorithm based on the difference in the acoustic power 
spectrums. The PP algorithm calculates the power of an AE waveform over a specified range 
of frequencies as a percentage of the total power of the full frequency range. Since a large 
reduction in the acoustic power for matrix cracking was detected above 600 kHz, it may be 
possible to distinguish between fibre breakage and matrix cracking using the PP algorithm. 
Before PP analysis is performed, the frequency band of 300 – 1000 kHz is divided equally 
into four frequency ranges: 300 – 475 kHz, 476 – 650 kHz, 651 – 825 kHz, and 826 – 1000 
kHz. The power fraction is then calculated by dividing the total power in the frequency range 
of 826 – 1000 kHz by the total power in the much wider frequency range of 300 – 1000 kHz. 
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In this way, matrix cracking should show a lower power fraction than fibre breakage. This is 
the first damage discrimination study of AE results using a partial power algorithm. 
 
Figure 3.20 shows the AE hit distribution versus power percentage for the frequency range of 
826 – 1000 kHz for the [0] pultruded laminate, [90] laminate, and [0] prepreg laminate which 
were considered to be dominated by fibre breakage, fibre/matrix cracking, and fibre breakage, 
respectively. The peak of acoustic hit distribution for the [90] laminate was located close to 
0% and then the number of AE hit decreased at a rapid rate as the power percentage value 
increased whereas the peak for the [0] pultruded laminate was shifted to about 5%.  Based on 
this difference, a boundary of power percentage value – X% – was introduced to characterise 
acoustic emissions for the [0] and [90] laminates and the boundary value was estimated within 
0.5 – 5%.  It was found that the majority of AE hits for the [0] pultruded laminate were 
distributed within the power percentage of X – 20% whereas most AE hits for the [90] 
laminate have power percentages less than or equivalent to X%. Figure 3.21 shows the change 
to the population of AE hits for the three laminates as the value of X% increased from 0.5 to 
5%. Comparing the six boundary values, the power percentage of 2% showed a good 
characteristic result for the [0] pultruded and [90] laminates as more than 80% of AE hits 
were identified using the partial power filter. As fibre breakage and matrix cracking were 
identified to be the main damage mechanism in the [0] pultruded laminate and [90] laminate, 
respectively, this indicates that the criteria of 0 – 2% and 2 – 20% can be used to distinguish 
between matrix cracking and fibre breakage. This is an original damage discrimination 
method for differentiating between fibre breakage and fibre/matrix cracking in carbon-epoxy 
laminates.  
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Figure 3.20: AE hit distribution over a range of power fraction for [0] pultruded laminate, [90] laminate, and 
[0] prepreg laminate. The power fraction percentage was calculated by dividing the total power for the 
frequency band of 826 kHz – 1000 kHz by that for the frequency band of 300 – 1000 kHz. 
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Figure 3.21: Sensitivity analysis on the boundary value of power percentage for [0] and [90] laminates. The 
power fraction criterion of  0 % < PF ≤ X% and X % < PF ≤ 20 % were applied to [90] laminates and [0] 
laminates (including both prepreg and pultruded laminates), respectively.  
 
 
Unlike the PP results for the [0] pultruded laminate, most of the AE hits for the [0] prepreg 
laminate were distributed between 2 – 40%, indicating that other types of damage may have 
occurred in this material. The wider hit distribution to 40% of power percentage could be due 
to a greater incidence of fibre/matrix cracking, however conclusive evidence is lacking. 
 
Fibre breakage and matrix cracking were successfully distinguished using partial power 
analysis. Table 3.7 shows the percentage of total AE hits for fibre breakage and matrix cracks 
in the [0] and [90] laminates, respectively, using the power fraction criteria. The AE hits 
containing a power fraction equal to or less than 2% is assumed to indicate matrix cracking 
events whereas power fractions within the range of 2 – 20% are indicative of fibre breaks. An 
average of 80% of the total number of AE hits detected in the [90] laminate were found to be 
matrix cracks whereas 86% of acoustic hits for the [0] pultruded laminate were due to fibre 
breakage. The remaining AE hits (20% for the [90] laminate and 14% for the [0] laminate) 
may be caused by the other damage processes. 
 
Table 3.7: Population percentage of AE hits for fibre breaks and matrix cracks classified using partial power 
algorithm. There are other damage mechanisms that have acoustic responses with the power fraction beyond 
20%, and the added-up of population percentages of matrix cracks, fibre breaks, and other damage mechanism 
is equivalent to 100%. 
 Matrix cracks 
(Power fraction ≤ 2%) 
Fibre breakage 
(2% < Power fraction ≤ 20%) 
 [0] pultruded laminate 11% 86 % 
 [90]4 laminate 80 % 20 % 
 [0]4 prepreg laminate 20 % 62 % 
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Damage discrimination using the PP algorithm was applied to the AE signal of the [0] prepreg 
laminate. The majority of the AE hit population (62%) was classified as fibre breakage events 
and the remaining hits were identified as matrix crack events. In addition, a symmetric AE hit 
distribution over the frequency range of 450 – 650 kHz was obtained for fibre breakage events, 
as shown in Figure 3.22. This frequency distribution corresponds to that recorded for the [0] 
pultruded laminate. Moreover, similar AE properties for fibre breakage were recorded for 
both the [0] prepreg and [0] pultruded laminates using the PP algorithm; fibre breakages in the 
[0] prepreg laminate have the amplitude of 40 – 60 dB, duration less than 70 µsec, and 
frequency of 450 – 650 kHz. 
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Figure 3.22: AE hit distribution over a frequency range of 350 – 700 kHz for the [0] prepreg laminate before 
applying any damage discrimination technique (left) and after discriminating fibre breaks from other damage 
processes, using the partial power algorithm (right). 
 
3.3.3. Acoustic Emission Analysis of [02/902]S and [902/02]S Laminates  
The purpose of testing [02/902]S and [902/02]S laminates was to evaluate the discrimination 
method for carbon-epoxy laminates with a multi-directional ply lay-up, and therefore no 
single damage mode is dominant. As reported in previous studies [27-30], transverse matrix 
cracking in [902/02]S laminates can develop at lower applied stress than [02/902]S laminates 
under tensile loading due to the sequence of 90° plies in the specimen. The 90o plies in a 
[902/02]S laminate are located at the surfaces, and therefore are not symmetrically constrained 
by the high stiffness 0o plies as they are in a [02/902]S laminate where the 90o plies are located 
in the middle. The absence of high stiffness plies of both sides of the 90o plies in a [902/02]S 
laminate results in transverse matrix cracking occurred at a lower stress than in a [02/902]S 
laminate. However, the number of fibre breakage events detected should be similar in both 
cross-ply laminates since the number of [0] plies is identical. In this way, the validation of the 
proposed discrimination method for fibre breakage and matrix crack in multi-directional 
laminates can be conducted.  
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The cross-ply laminates under tensile loading exhibited more complex damage mechanisms 
than the [0] and [90] laminates, which is expected. Figure 3.23 shows fibre/matrix debonding 
cracks, delamination damage, and fibre failures within the [02/902]S laminate. Different 
length-scales of transverse cracks were generated in the 90° plies to the [02/902]S laminate, 
although mechanistically these matrix cracks are created in the same way. For delaminations, 
these cracks initiated from the tip of a transverse matrix crack and then propagated along the 
interface between the 0° and 90° plies, parallel with the 0° fibres. This is a common mode of 
delamination crack development in cross-ply laminates under tensile loading.  
 
The damage discrimination process was applied to differentiate between the different damage 
types in the [02/902]S and [902/02]S laminates. First, an amplitude filter was used to 
discriminate large transverse matrix cracks from other damage mechanisms as that was 
detected to produce a high acoustic amplitude response in the [90] laminate. Second, the 
remaining AE hits were considered to be dominated by fibre breakage and matrix cracks, and 
thus the PP algorithm was applied to distinguish between these two damage types. The details 
of the discrimination procedure are discussed in the following section. 
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Figure 3.23: Microscopic images of tension-induced damage in the [02/902]S laminate. 
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3.3.3.1. Transverse Matrix Cracks 
When the cross-ply laminates were subjected to increasing tensile stress, transverse matrix 
cracks developed across the 90° plies. This damage was observable at the surface of the 
specimen edge (Figure 3.24). A high-magnification camera was used to record the 
development of transverse matrix cracks with increasing tensile stress up to 80% of the 
ultimate failure stress. Due to the difference in the 90° ply thickness, the length of transverse 
matrix cracks in the [02/902]S laminate were twice that in the [902/02]S laminate. As identified 
in the AE analysis of the [90] laminates, the transverse matrix crack was characterised by high 
amplitude, long duration, and low frequency acoustic properties. 
 
 
Figure 3.24: Transverse matrix crack through the adjoining 90° plies in the [02/902]S laminate. 
 
 
The AE amplitude results for the two cross-ply laminates are compared in Figure 3.25. The 
[902/02]S laminate showed earlier initiation and a greater number of high amplitude signals 
(80 – 100 dB) than the [02/902]S laminate due to the onset of transverse matrix cracking. This 
is probably because the 90° plies in the [902/02]S laminate are placed at the outside and thereby 
have an asymmetric longitudinal constraint – i.e. free edge and [0] plies. When the [902/02]S 
laminate was loaded in tension, the asymmetric constraint induced a non-uniform stress across 
the 90° plies. As a result, the matrix cracks tended to initiate at the free edge of the 90° plies 
at a relatively low tensile stress and then propagate inward in the transverse direction under 
increasing tensile stress. With increasing applied stress, several series of AE events were 
recorded in the [902/02]S laminate which involved a mixture of medium-to-high amplitude 
events detected almost at the same time. This was possibly due to the damage propagation 
behaviour of individual matrix cracks generated in a very short period of time. 
Transverse matrix crack 
Tensile load 
direction 
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Conversely, the 90° plies in the [02/902]S laminate had a symmetrical longitudinal constraint. 
When the [02/902]S laminate was subjected to an increasing tensile stress, an abrupt jump in 
amplitude level over 95 dB was recorded, corresponding to the AE amplitude results for the 
[90] laminate (see Figure 3.16). This suggests that the formation of transverse matrix cracks 
in the [02/902]S laminates had a less tendency to have damage propagation behaviour 
compared with the [902/02]S laminate. 
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Figure 3.25: Population density of AE hits in amplitude – normalised stress domain for the cross-ply laminates. 
The colours represent the population density in terms of number of AE hits for the given amplitude range. 
 
 
The lay-up sequence of transverse plies governs the development of matrix cracking [27-30]. 
The evolution of matrix cracks was different for the [02/902]S and [902/02]S laminates under 
increasing tensile stress, as identified using real-time camera monitoring. Figure 3.26 shows 
that matrix cracking begins about at 20% of the normalised stress for the [902/02]S laminate 
and 60% for the [02/902]S laminate. These stress levels correlated with the first occurrence of 
high amplitude events (over 95 dB) detected for the two laminates, as shown in Figure 3.25. 
This supports the proposition that transverse (through-width) matrix cracks are characterised 
by high noise events. 
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Figure 3.26: Experimental observation and AE monitoring of transverse matrix cracks in the [02/902]S and 
[902/02]S laminates subjected to increasing tensile stress. Two tests were performed on each type of cross-ply 
laminate. 
 
 
The acoustic emissions for transverse matrix cracks were discriminated from the noise 
generated by other damage types using the amplitude parameter. When 90° plies were placed 
at the outside of the laminate, the transverse matrix cracks developed at a lower applied stress 
(Figure 3.26). This suggests that the strain energy release for matrix cracking in the two cross-
ply laminates should be different even though the mechanism for matrix cracking was 
identical in the two laminates. Therefore, separate amplitude filters were used to differentiate 
the AE signals for the transverse cracks: 70 – 100 dB for the [902/02]S laminate and 90 – 100 
dB for the [02/902]S laminate. Figure 3.26 shows that the evolution of cumulative AE hits for 
transverse cracks is in agreement with the observed number of these cracks over the entire 
stress range. The AE events in the high amplitude range appeared at the same stress that 
transverse cracks were first observed, and the curve of cumulative AE hits closely followed 
that of the observed number of matrix cracks over the entire stress range.  
 
 
3.3.3.2. Fibre Breakage 
Since the AE signals for transverse matrix cracks that completely transversed the 90° plies 
were identified to have medium-to-high amplitude signals, then the remaining AE hits 
characterised by lower amplitude responses should be mainly caused by fibre breakage, 
fibre/matrix debonding, and fine-scale matrix cracking. Short delamination events should also 
be detected in these low amplitude responses, although they were found to be negligible in 
this study. 
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As discussed, transverse matrix cracks in the two cross-ply laminates were discriminated 
using different energy levels. The original AE results were filtered using the amplitude signal 
ranges of 40 – 90 dB for the [02/902]S laminate and 40 – 70 dB for the [902/02]S laminate. This 
filtering process removed the AE signals for transverse matrix cracks from noise generated by 
the other types of damage. Figure 3.27 shows the frequency result of the filtered AE hits 
containing the probable mixture of AE signals for fibre rupture and fibre/matrix cracking 
events. Two AE hit distributions over the frequency range of 200 – 700 kHz were recorded 
for both the [902/02]S and [02/902]S laminates. The bimodal frequency distribution indicates 
that multiple damage mechanisms – fibre breakage and matrix cracks – were detected in the 
filtered AE hits. 
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Figure 3.27: AE hit distribution over the frequency centroid for the [02/902]S and [902/02]S laminates before 
using the partial power algorithm. The arrow signs indicate the median frequency for the separate distribution 
of frequency results. 
 
 
The partial power algorithm was applied to the filtered AE signals in order to discriminate 
between fibre breakage and fibre/matrix debonding (or matrix cracking). As discussed, this 
involved calculating the power fraction for each AE hit by dividing the total power for the 
frequency range of 826 – 1000 kHz over that for the wider (base-line) frequency range of 
300 – 1000 kHz. The AE hits corresponding to the power fraction less than or equivalent to 
2% and the power fraction within the range of 2% and 20 % were identified as fibre/matrix 
debonding (or matrix cracking) and fibre breakage, respectively. Figure 3.28 shows the AE 
results after partial power discrimination in the hit – frequency domain for the probable fibre 
breakage events for the two cross-ply laminates. A single but asymmetric distribution was 
obtained for the two materials, although the frequency centroid was not identical: 500 kHz for 
the [02/902]S laminate and 550 kHz for the [902/02]S laminate. 
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Figure 3.28: AE hit distribution at different frequency centroid for the [02/902]S and [902/02]S laminates after 
using partial power algorithm to identify fibre breakage. 
 
 
The damage process of fibre breakage under tensile loading should be similar for both the 
cross-ply and unidirectional laminates. Similar damage evolution, as indicated by number of 
AE hits, should occur in the two types of laminate under increasing stress, viz. progressively 
increasing rate of AE hits as the laminates approach final failure, as shown in Figure 3.29. 
However, it was found that the development of probable fibre rupture events for the cross-ply 
laminates did not correlate with that in the unidirectional laminates. Figure 3.30 shows the 
effect of increasing stress on the number of AE hits due to fibre ruptures for the cross-ply 
laminates. A quasi-linear increase in the number of AE hits was recorded from about 20% to 
60% of the normalised stress level for both materials. At higher stress a different damage rate 
in the number of AE hits was detected; an increase in the damage rate occurred above 60% 
normalised failure stress for the [02/902]S laminate whereas a reduction to the damage rate was 
recorded for the [902/02]S laminate. These results are different to the trend for fibre rupture in 
the [0] laminates, and is because the process of 0° fibre failure in the cross-ply composite was 
affected by the 90° plies. The lower stiffness of the cross-ply laminates (due to their 90° plies) 
may affect the efficiency of the shear lag process operative in the 0° plies, and therefore the 
fibre failure rate is different to the unidirectional composites. Therefore, it is difficult to state 
conclusively whether the PP algorithm is capable of discriminating between fibre breaks and 
matrix cracks in cross-ply carbon-epoxy laminates where no single damage process is 
dominant. 
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Figure 3.29: Cumulative AE hits for fibre breakage with increasing normalised tensile stress for the [0] prepreg 
and [0] pultruded laminates. 
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Figure 3.30: Cumulative AE hits for fibre breakage with increasing normalised tensile stress for the [02/902]S 
and [902/02]S laminates. 
 
 
The PP algorithm for damage discrimination is only accurate when the power spectrum for 
one type of damage is consistent for different types of composite material (e.g. unidirectional, 
cross-ply, quasi-isotropic etc). However, due to attenuation effects, it is possible to record 
different power spectrums for the same damage type in different composite materials. 
Because the power spectrum for a single damage type is not always consistent, this would 
explain why the PP algorithm proposed from [0] and [90] laminates is not an accurate method 
to identify fibre breakage in the cross-ply laminates.  
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Overall, it suggests that proposing a damage discrimination method for cross-ply laminates 
should be based on damage characterisation analysis. Since the frequency response for 
damage are dependent on the ply pattern, it indicates that the AE properties for damage in 
cross-ply laminates may be different to that in [0] and [90] laminates even when the same 
damage types were found. However, it is difficult to distinguish between different types of 
damage in one type of laminate when multiple damage processes occur concurrently under 
increasing stress. Therefore, the research reveals that AE is incapable of identifying fibre 
breaks in cross-ply laminates and therefore is unlikely to accurately monitor fibre ruptures in 
composite pressure vessels. Since the SHM analysis for CPVs is based on monitoring the 
fibre rupture process, without the ability to accurately identify fibre breakage it is unlikely to 
monitor the accumulated number of damaged fibres against the maximum damage threshold 
of the vessel material. However, it appears that AE can be used qualitatively to assess the 
incidence of damage in CPVs. 
 
 
3.4. SUMMARY 
The constituent materials of carbon-epoxy laminates used in CPVs – carbon fibre bundles and 
epoxy resin – were studied under tensile loading using AE. Medium amplitude, medium 
duration, and high frequency responses were recorded for fibre rupture whereas low 
amplitude, medium duration, and low frequency responses were detected for resin cracking. 
Compared to the AE properties reported in previous studies for carbon-epoxy laminates 
[3,5,6,10,11,20], much longer acoustic duration was recorded for both the fibre rupture and 
matrix cracking events. 
 
Acoustic emission analysis based on single and multiple damage mechanisms in carbon-
epoxy laminates was conducted using [0], [90], and cross-ply ([02/902]S and [902/02]S) 
laminates. The goal of this study was to develop a procedure for discriminating between the 
different types of damage, in particular fibre breakages, originating from CPVs. It was 
detected using AE that a single damage mechanism – fibre breakage and fibre/matrix 
debonding – was dominate in the [0] and [90] laminates, respectively. Complex damage 
mechanisms including fibre breakage, fibre-matrix cracking, transverse matrix cracking, and 
delamination were observed in the cross-ply laminates using microscopy, although it was not 
possible to distinguish between these damage types using AE (except long transverse cracks).  
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Two types of AE analysis were applied to identify and distinguish between different types of 
damage: feature analysis and power spectrum analysis (PP analysis). Similar AE properties in 
terms of low amplitude (40 – 60 dB), short duration (less than 50 µsec) and high frequency 
(400 – 600 kHz) were detected for carbon fibre breakage and fibre-matrix cracking whereas 
the full-width transverse crack was recorded to have higher amplitude (over 90 dB), longer 
duration (over 4000 µsec), and lower frequency (250 – 330 kHz) acoustic properties.  
 
Although almost identical AE properties were recorded for fibre breakage in the [0] laminates 
and matrix cracks in the [90] laminates, these two damage mechanisms were found to be 
distinguishable using PP analysis. This analysis involved calculating the power fraction for 
each AE wave by dividing the total power for the frequency range of 826 – 1000 kHz by the 
total power over the wider frequency range of 300 – 1000 kHz. In this study, the power 
fraction for matrix cracking was measured to be lower than that for fibre failure because a 
reduction in the power level was detected beyond 600 kHz in the power spectrum for 
fibre/matrix cracking. Thus, AE hits containing the power fraction less than or equal to 2% 
and the power fraction within the range of 2% – 20% were identified as matrix cracks and 
fibre fractures, respectively. These two damage types were successfully identified in [0] 
pultruded, [0] prepreg and [90] laminates. 
 
As observed using microscopy, complex damage mechanisms were developed in the cross-ply 
laminates when subjected to tensile load. Using amplitude filter, it was successful to 
discriminate acoustic noises emanated by transverse matrix cracks, which contained high 
energy content, from other types of damage. To discriminate fibre breakage from other 
damage, the PP analysis was then applied to the remaining AE data presumably containing the 
noesises for fibre breaks and matrix micro-cracks. However, it was found that the cumulative 
number of probable fibre breakages obtained using PP analysis increased at a constant rate, 
which was not in agreement with the trend obtained for [0] laminates. This suggests that it 
was not possible to discriminate fibre breakage from other types of damage in the cross-ply 
laminate, and this is mainly because the power spectrum recorded for one type of damage 
could be different when developed in different lay-up of composite laminate. 
 
It is concluded that fibre breakage and matrix cracking were successfully characterised in the 
[0] pultruded and [90] laminates using both feature analysis and partial power analysis. 
However it was difficult to identify fibre breakage in the cross-ply laminates based on the 
acoustic properties for fibre damage taken from the unidirectional laminates. Although 
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acoustic emission is reported in the scientific literature to be a powerful SHM technique to 
reveal damage activity in composite pressure vessels [17,18,31-33], it is difficult to perform a 
quantitative damage study with a lack of a reliable discrimination method. 
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ABSTRACT 
In-service damage due to the operation of composite pressure vessels (CPVs) is characterised 
using acoustic emission (AE) in this chapter. Due to the similarity in the fibre rupture process 
in CPVs and unidirectional laminates, the damage to carbon-epoxy materials in simulated in-
service operating environments was studied using AE. This technique was used to monitor the 
development of damage in unidirectional carbon-epoxy laminate under constant or variable 
(cyclic) tensile stress loading. This was designed to replicate the loading to CPVs under 
constant pressure or cyclic pressurisation, respectively. Similar damage accumulation curves 
were detected using AE during constant or cyclic tensile loading of the unidirectional 
laminate, and this was used to simulate the loading condition for CPVs. A log-linear damage 
rate with respect to loading time or load cycles was measured using AE, indicating a time-
dependent damage process. This rate dependency can be used to estimate the future damage 
rate in carbon-epoxy laminates. 
 
A Kaiser effect was observed when the laminate was subjected to post-tensile loading after 
constant or cyclic loading. It is proposed that the Kaiser effect can be used to characterise the 
damage content in the laminate due to prior service loading. When the laminate subjected to 
constant tensile loading it eventually became mechanically unstable, and there was an abrupt 
increase in the AE damage rate which was considered to be the maximum damage threshold. 
Large variations in the damage threshold were detected for the same type of composite 
material which makes it difficult to predict the residual performance of in-service CPVs using 
AE.  
 
The effect of increasing temperature on the AE behaviour of the laminate was also studied. 
When the laminate exceeded the glass transition temperature of the polymer matrix (Tg) there 
was a large increase in the number of damage events detected using AE. The thermally 
activated phase change from the ‘brittle’ to ‘rubbery’ states of the polymer matrix reduces the 
efficacy of the shear lag process to transfer stress between ligaments of broken fibres, and 
therefore AE detected a large rise in the damage rate of the composite material at high 
temperature. 
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4.1. INTRODUCTION 
Composite pressure vessels used for fuel storage on road vehicles can encounter various 
operating conditions that may significantly affect the damage processes and degrade the 
structural integrity. For example, fatigue-induced damage caused by cyclic pressurisation, 
impact damage from a vehicle collision, environmental-related damage due to high 
temperature or humidity may all affect the structural performance of CPVs. Fatigue damage 
[1,2], impact damage [3], and environmental damage [2,4] can reduce significantly the 
residual strength of fibre-polymer laminates, particularly the matrix-dominated properties. 
Although these damage conditions are considered in the testing standards for certifying CPVs 
used on compressed natural gas (CNG) vehicles, such as NGV-2 2007 [5] and ISO 11439 [6], 
the tests use the failure criteria of burst pressure reduction and the type of rupture (viz. the 
acceptable cylinders must fail due to fuel leakage rather than bursting). These tests do not 
provide an insight into the damage processes and provide little information on the remaining 
useful life-time of the vessel. A lack of understanding of damage processes incurred during 
service makes it difficult to propose a structural health monitoring system for CPVs.  
 
As described in Chapter 2, several studies [7-14] have proposed structural health monitoring 
methods for CPVs. Bunsell and colleagues [7-9,14] proposed a SHM method using acoustic 
emission to evaluate the structural integrity of CPVs based on quantifying the development of 
fibre breakage. Gostautas et al. [11] developed a master curve of damage threshold in terms of 
cumulative hits to assess the structural integrity of CPVs using AE. The master curve was 
established from the results of cyclic (fatigue) damage, impact damage, and the combination 
of these two types of damage to CPVs. Strain monitoring using Bragg grating fibre sensors 
has also been proposed to inspect the health condition of pressure vessels, which is based on 
the characterisation of residual stiffness [10,12,13]. However, the effects of operation-related 
issues have not yet been thoroughly studied for CPVs with in-service damage. The need exists 
to research these issues to assess the suitability of AE monitoring as a whole-of-life health 
monitoring technique for CPVs.  
 
This chapter presents research work that provides an insight into the damage processes that 
develop in CPVs due to in-service usage, and to assess the capability of acoustic emission to 
monitor the damage. Due to the analogy of fibre failure mechanisms between CPVs and 
unidirectional carbon-epoxy laminates [7,14], the experimental research presented in this 
chapter was conducted using unidirectional materials obtained from plate specimens that 
replicate the failure processes of CPVs.  
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Three experimental test programs related to in-service damage are presented in this chapter. 
First, an AE study into the effects of both cyclic loading (fatigue) and constant loading (creep) 
on damage in unidirectional laminates was conducted because CPVs experience both types of 
loading during routine operation. Second, the damage transition process in unidirectional 
laminates from stable damage growth to structural instability (i.e. uncontrolled damage 
growth) was studied using AE. This analysis simulated the long-term failure of CPVs in 
service due to cyclic or creep loading. Third, an AE study was performed to investigate the 
effect of elevated temperature, which can soften epoxy resin, on damage to UD laminates. 
Since CNG pressure vessels usually operate in a closed compartment of vehicles, then the 
cylinders are possibly subjected to a heat-accumulated environment where the temperature 
can be much higher than the outdoor temperature, which is the rationale for this analysis. 
 
In order to monitor the development of fibre ruptures using AE analysis, the partial power 
algorithm proposed in Chapter 3 (section 3.3.2.3) was applied to identify fibre rupture events. 
The PP algorithm is based on the AE results for [0] pultruded and [0] prepreg composites. 
This method involved calculating the power fraction of AE waveforms by dividing the total 
power of a given AE wave for the frequency range of 825 – 1000 kHz by the total power for 
the base-line frequency range of 300 – 1000 kHz. The AE hit was then classified as a fibre 
breakage event when the power fraction was detected within the range of 2% to 20%.  
 
 
4.2. MATERIALS AND EXPERIMENTAL METHODOLOGY 
4.2.1. Composite Materials  
Two types of unidirectional composite materials fabricated using different manufacturing 
techniques were studied: carbon-epoxy prepreg laminate and carbon-epoxy pultruded 
laminate. The two materials are described in Chapter 3 (section 3.2.1).  
 
 
4.2.2. Acoustic Emission  
The acoustic emission system used in this investigation is also described in Chapter 3 (section 
3.2.2). One small modification to the AE system was made for the analysis of laminates tested 
under cyclic or constant tensile loading - the separation distance between the two acoustic 
transducers was reduced to 50 mm. By positioning the transducers further away from the 
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grips of the loading machine it was possible to minimise the detection of unwanted grip noise 
during the cyclic loading tests. The distance between two AE transducers was maintained at 
80 mm (as described in Chapter 3), for the constant loading (creep) test because grip noise 
was not a significant problem for this test condition.  
 
 
4.2.3. Test Conditions 
Three tensile testing conditions were examined:  
! Cyclic or constant tensile loading, 
! Constant loading to failure, and 
! Analysis for temperature and humidity effects using only constant loading. 
 
The materials and testing machines used for each test program are given in Table 4.1. A 
longer length of pultruded laminate was used in the cyclic and constant loading tests, and 
hence the AE transducers were positioned further away from the grip region. Acoustic 
emission was used to record the activity of composite damage throughout the three types of 
tests. Figure 4.1 shows the setup for the two acoustic transducers for the analysis of the cyclic 
loading condition. 
 
Table 4.1: Materials and testing machines used for each test program. 
 UD carbon-epoxy Material dimension 
(L x W x T) (mm) 
Testing machine 
Cyclic and constant 
loading case 
analysis 
Pultruded laminate 250 x 12 x 0.9 Instron hydraulic testing 
machine (Model Jacottet 
10000 daN) 
Constant-loading to 
failure analysis 
Pultruded laminate 150 x 12 x 0.9 Instron mechanical driven 
testing machine (Model 
Instron TT-CM-L) 
Temperature 
analysis using 
constant loading test 
Prepreg laminate 
 
150 x 20 x 1.2 Instron mechanical driven 
testing machine (Model 
Instron TT-CM-L) 
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Figure 4.1:  Experiment setup for a pultruded laminate tested using the Instron hydraulic testing machine with 
the µ80 AE transducers mounted on the specimen for cyclic loading. 
 
 
4.2.3.1. Cyclic and Constant Loading Analysis 
The objective of this AE analysis was to study the effect of different loading modes on the 
damage to carbon-epoxy laminates used in CPVs during service: a static (creep) tensile stress 
and a dynamic (fatigue) tensile stress. To enable comparative analysis, all test variables 
except for the loading mode were kept constant in the two experiments. Because fibre rupture 
and other damage events start to occur at around 30% of the ultimate stress of the 
unidirectional laminate (as shown in the result for [0] pultruded composite in Figure 3.29), 
50% of the ultimate stress was used as the maximum stress level for both the cyclic and 
constant loading analysis to study the time-dependent evolution of fibre rupture events.  
 
The start of both tests involved axially loading the laminate specimen to a stress level of 50% 
of the tensile failure stress at a cross-head speed of 2 mm/min. The laminate for the static 
loading case was then held at constant stress for 65 hours. This replicated the stress condition 
for a CPV holding gas at constant pressure for a prolonged period of time. In the cyclic 
loading case, triangular stress waves with a frequency of 0.0113 Hz and R ratio of 0.1 were 
applied to a total of 1300 cycles, which was equivalent to 65 hours of testing times. This 
replicated the condition of a CPV undergoing cyclic stressing over a period of time due to 
repeated pressurisation and depressurisation. 
 
µ80 AE sensors 
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After the constant or cyclic loading test was performed for the period of 65 hours, tensile 
loading was then applied to 70% of the tensile failure stress of the laminate at a loading rate 
of 0.1 mm/min. The purpose of this second loading was to investigate the effect of pre-
existing constant or cyclic loading damage to the laminate when subjected to higher stress 
loading. The purpose of reducing the loading speed (from 2 to 0.1 mm/min) in the post-tensile 
test was to avoid saturation of the AE acquisition system. A schematic of the test profile for 
the two load cases is shown in Figure 4.2. A minimum of three specimens were tested for 
each test condition to assess the variability in the AE signatures under identical load 
conditions.  
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Figure 4.2: Representation of the constant and cyclic loading profiles. 
 
 
4.2.3.2. Constant Loading-to-Failure Analysis 
The purpose of constant loading-to-failure analysis was to investigate the process of damage 
transition from stable growth to structural instability using AE, which corresponds to the 
failure process of CPVs on CNG vehicles in service. In addition, the effect of material 
variability on the AE results in the constant loading-to-failure tests was studied. The material 
scatter could be attributed to variations in the fibre strength, fibre volume distribution, and 
manufacturing defects (particularly voids) that result in different tensile properties for 
specimens taken from the same composite material. Fifteen pultruded carbon-epoxy laminates 
were tested in this program. Quasi-static tensile loading at a cross-head speed of 0.1 mm/min 
to 2896 MPa, which was 96% of the average failure stress, followed by constant loading at 
the peak stress level for 24 hours was conducted to induce the transition from stable to 
unstable damage evolution in the laminate.  
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4.2.3.3. Elevated Temperature Analysis 
The aim of the temperature analysis was to determine the effect of the brittle-to-rubbery phase 
transition of the polymer around Tg on damage development in the composites using AE. The 
AE analysis was performed to investigate the effect of increasing temperature (relative to the 
Tg of the laminate) on the acoustic properties of the carbon-epoxy laminate. A series of iso-
thermal constant loading tests was performed on the laminate at 20, 60, 65, 70, 75 and 90°C 
using an environmental chamber (Model: MTS CE42) attached to the tensile test machine. 
Figure 4.3 shows the differential thermal analysis (DTA) result of the virgin carbon-epoxy 
laminate and the Tg value of the laminate was 80°C, and therefore the AE properties were 
determined when the polymer matrix was in the ‘brittle’ and ‘rubbery’ states. Each test 
involved heating the laminate to the specific temperature, loading it to 50% of the failure 
stress, and then maintaining both constant temperature and stress for 24 hours. A schematic of 
the test profile is presented in Figure 4.4, and was designed to simulate high temperature 
within the vehicle compartment that holds the CPV, where temperatures as high as 60°C can 
occur on hot days. Because a safety margin of about 30°C to the maximum operating 
temperature is often applied to composites, tests up to 90°C were conducted. 
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Figure 4.3: DTA result of Tg for the virgin carbon-epoxy laminate. The occurrence of glass transition process 
with respect to the temperature for the laminates is indicated between two dotted lines in each diagram. 
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Figure 4.4: Representation of the testing profile for temperature-effect analysis. 
 
 
Since the Tg value of a carbon-epoxy laminate is dependent on its absorbed moisture (water) 
content, the reduction to the Tg due to water absorption was determined. A carbon-epoxy 
prepreg laminate was immersed in water held at 40°C until it reached the near-saturated 
condition. Figure 4.5 shows that the mass of the laminate increased at a rapid rate in the 
beginning of the immersion test and then the laminate was slowly approaching full saturation 
with water after 30 days of immersion time. The glass transition temperatures of the original 
and immersed laminates were measured using differential thermal analysis (Model: DSC 
2920 Modulated DSC made by TA instruments). The DTA involved heating the laminate 
from 20°C to 150°C at a rate of 5°C per minute, and the heat flow profile for the material was 
recorded throughout the analysis. Four DTA tests were repeated for each type of laminate.  
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Figure 4.5: Percentage of increase in mass due to water intake to carbon-epoxy laminates immersed in water 
held at 40°C with respect to duration of water immersion.  
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4.3. RESULTS AND DISCUSSION 
4.3.1. AE Damage Comparison between Cyclic and Constant Loading Cases 
This section presents the study of composite damage detected using AE for the constant and 
cyclic tensile loading conditions. Table 4.2 shows the values for the AE damage signals for 
constant and cyclic tensile loading, and the signals were characterised by low amplitude, short 
rise-time, short duration and high frequency acoustic events. These AE signatures were 
similar to those detected for the laminate under monotonic tensile loading up to 50% of the 
ultimate failure stress (Table 4.2). This reveals that the AE signal for the constant, cyclic, and 
monotonic load cases were identical, and the signal properties were not affected by the type of 
loading. 
 
Table 4.2: AE results for the pultruded carbon-epoxy laminate under constant, cyclic, or monotonic tensile 
loading at the stress of 50% of the failure stress. 
 Amplitude 
(dB) 
Rise-time 
(msec) 
Duration 
(msec) 
Frequency 
(kHz) 
Constant loading 44.7 3.8 9.9 511.0 
Cyclic loading 45.2 4.8 13.0 527.0 
Monotonic loading 44.8 5.5 13.0 512.3 
 
 
 
The damage discrimination method using partial power analysis proposed in Chapter 3 
(section 3.3.2.3) for UD carbon-epoxy laminates was applied to distinguish between fibre 
breakage and other damage events. Table 4.3 shows the population percentage of AE hits for 
fibre breakage events determined using PP analysis. The analysis indicates that the majority 
of AE events detected in both the cyclic and constant loading tests were caused by fibre 
breakages, which is to be expected. This revealed that fibre breakage was the primary damage 
mechanism in the [0] pultruded composite in both loading conditions. The fibres that failed 
under these loading conditions are almost certainly those with the lowest strength due to the 
largest pre-existing flaws. 
 
Table 4.3: Population percentage of AE hits for fibre breaks classified using the partial power algorithm. 
 Fibre breakage 
Constant loading 77% 
Cyclic loading 80% 
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The linear location algorithm was used to identify the source locations of the AE signals 
emanating from the laminates under the different loading cases. Figure 4.6 shows AE hit 
histograms displaying the locations of the AE signals over a 50 mm region of the laminate. A 
relatively uniform distribution of damage was detected for the three loading cases, which is 
indicative of the stochastic nature of damage development in unidirectional laminates. 
Comparing the AE frequency results (Figure 4.7), a single distribution with a medium 
frequency of ~525 kHz was recorded for each loading case. These similarities in the AE 
signals reveal that identical damage mechanisms developed in the unidirectional laminate 
under the different loading conditions, which is expected. These results suggest that a 
consistent approach to AE analysis of CPVs can be applied, which is independent of the 
loading history of the vessel.  
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Figure 4.6: AE hit histograms of location results for monotonic tensile loading (left), cyclic tensile loading 
(centre), and constant tensile loading (right). 
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Figure 4.7: Acoustic frequency distributions for monotonic tensile loading (left), cyclic tensile loading (centre), 
and constant tensile loading (right). 
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Although fibre failure is the dominant damage event for the three loading cases, different 
rates of damage evolution were detected using AE. A rapid rise in the number of AE hits was 
found for the monotonic loading case (Figure 4.8) whereas a slower increase was detected for 
both constant and cyclic loadings (Figure 4.9). This reveals (as expected) that the fibre rupture 
process for the constant and cyclic loading cases is time-dependent and cycle-dependent, 
respectively.  
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Figure 4.8: Cumulative AE hits for fibre breakage in the [0] laminate subjected to monotonic tensile loading to 
50% of the ultimate failure stress. 
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Figure 4.9: Cumulative AE hits for fibre breakage in the [0] laminate for the constant and cyclic loading tests. 
The upper x-axis is the number of load cycles in the cyclic loading test and the lower x-axis is the duration of the 
loading time for the constant loading test. 
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The damage accumulation rate for the cyclic and constant loading cases was found to be 
logarithmic, as shown in Figure 4.10. Different curves were obtained for the two loading 
conditions; the cyclic loading case showed a single log-linear correlation in the number of AE 
hits whereas the constant loading case displayed a two-stage log-linear relationship. The 
gradients for the log-linear functions are given in Figure 4.10. While two gradient values were 
obtained for the constant loading case, the gradient of the second log-linear function is more 
crucial to long-term damage accumulation estimation. An extrapolation analysis of 
cumulative number of AE hits against the log(loading time) or log(cycle) can be performed. 
From this, it is possible to back-calculate the current rate of damage development if the 
number of cumulative AE hits is identified, and then the future damage rate of the laminate 
for a given range of times can be predicted. For life prediction, these results can be applied to 
an empirical algorithm for the estimation of future damage rate to the laminate. The SHM 
system using AE shows a potential damage prognosis capability in terms of future damage 
content estimation for CPVs.  
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Figure 4.10: Cumulative AE hits for fibre breakage generated in the [0] laminate in constant and cyclic loading 
tests presented in the log (time) or log(cycle) domains, respectively. 
 
 
Bunsell et al. [7,14] conducted a research study into the damage mechanisms of unidirectional 
carbon-epoxy laminates used in CPV when subjected to constant tensile loading. It is believed 
that the time-dependent viscoelastic relaxation of the polymer matrix together with stress 
redistribution at fibre breakages due to shear lag are the governing mechanisms for the long-
term development of damage. As the stress relaxation of the polymer matrix increases with 
the loading time, the efficacy of the shear lag process to transfer stress across the ligament 
Chapter 4 – Characterisation of In-Service Damage to Composite Pressure Vessels using Acoustic Emission 
 115 
ends to the broken fibres is diminished. Consequently, the tensile stress carried by the 
neighbouring (intact) fibres increases which then causes some of them to break which is 
detected by an AE hit event. For this reason, a slow rise in the number of AE hits was 
detected by Bunsell and colleagues [7,14] during constant tensile loading beyond an initial 
period of 50000 seconds.  
 
Koimtzoglou et al. [15] performed a cyclic loading test on a single carbon fibre embedded in 
epoxy resin. The normal stress distribution on the fibre was measured using laser Ramen 
microscopy, and thereby the number of fibre breakages over the course of the fatigue life was 
accurately quantified. From this a log-linear relationship between fibre breakage and loading 
cycles was identified, as shown in Figure 4.11. This logarithmic development of fibre damage 
against the load cycles for the single-fibre composite agrees with that detected using AE for 
the UD laminate subjected to cyclic loading (as shown in Figure 4.10), and this similarity 
indicates that fibre rupture is the primary damage mechanism for a UD laminate subjected to 
cyclic loading. Cyclic tensile loading of UD laminates can cause micro-abrasion damage to 
the fibres by a rubbing/sliding action against neighbouring fibre/resin [16]. This abrasion 
damage could cause a reduction to the tensile rupture strength of the fibres during cyclic 
loading, and therefore continuous fibre breakages were detected with an increasing number of 
load cycles using both AE and laser Ramen microscopy.  
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Figure 4.11: Effect of cyclic loading on the number of fibre breakages in carbon-epoxy. 
(From Koimtzoglou et al [15]). 
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4.3.1.1. AE Damage Analysis for the Damaged Laminates Subjected to Post 
Tensile Loading  
The stochastic nature (variability) of the tensile strength of carbon fibres means that the 
number of fibre failures is dependent on the tensile stress exerted on the fibre filaments, 
which is controlled by the tensile stress applied to the composite and the time of loading. If 
the composite is then unloaded and reloaded in tension then fibre damage caused by reloading 
can only occur when the initial tensile stress exerted on the fibre is exceeded. This 
phenomenon is described as the Kaiser effect in acoustic emission [17]. In this study, Kaiser 
effect behaviour was detected using AE during post-tensile loading of the [0] carbon-epoxy 
laminates after the constant or cyclic loading tests.  
 
Figures 4.12 and 4.13 show damage profiles in number of AE hits versus normalised stress 
level for the [0] laminates subjected to constant or cyclic tensile loading followed by post 
tensile loading. It was found that a rapid increase in number of acoustic hits was recorded 
with increasing stress level for the laminates as loaded monotonically to 50% of the 
normalised stress level. Following that, the applied load level was maintained or cycled at the 
peak level and an accumulation of acoustic noises (damage) was detected at the peak load 
level (i.e. vertical jump in number of AE hits recorded at point A), and this was related to the 
result shown in Figure 4.9. Since damage kinetics for UD laminates under tensile loading are 
controlled by applied load level and loading time (or load cycle), all fracture process should 
be activated in the laminates as loaded at the given stress level and loading time (or load 
cycle). When the loading profile was switched to increasing tensile loading following 
constant or cyclic loading, UD laminate exhibited a two-stage damage growth during post-
tensile loading. 
• Stage 1: Almost none AE hits were detected at the beginning of the post-tensile loading; 
• Stage 2: After the applied tensile loading exceeded a certain stress level (stress B), a 
transition of damage development occurred where the rate of acoustic damage became 
more active. 
Fuwa et al. [18] also identified two-stage damage evolution using AE for UD laminates 
subjected to cyclic loading followed by post-tensile loading.  
 
 
 
 
 
 
Chapter 4 – Characterisation of In-Service Damage to Composite Pressure Vessels using Acoustic Emission 
 117 
!
0             20           40           60            80          100 
A  B 
160000 
 
140000 
 
120000 
 
100000 
 
  80000 
 
  60000 
 
  40000 
 
  20000 
 
           0 
Normalised stress (%) 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
A B30%           40%                            60%          70% 
90000 
 
80000 
 
 
 
 
60000 
 
 
 
 
40000 
 
30000 
Stage 1 damage  Stage 2 damage 
Damage transi2on point 
 
Figure 4.12: Cumulative AE hits for fibre breakage in the [0] laminate subjected to post-tensile loading after 
constant loading. Point A indicates the peak stress level for constant loading and Point B indicates the damage 
transition point during the post-tensile loading. The average gradient of the curve in the post-tensile loading 
regime was used to calculate the damage accumulation rate. 
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Figure 4.13: Cumulative AE hits for fibre breakage in the [0] laminate subjected to post-tensile loading after 
cyclic loading. Point A indicates the peak stress level for cyclic loading and Point B indicates the damage 
transition point during the post-tensile loading. The average gradient of the curve in the post-tensile loading 
regime was used to calculate the damage accumulation rate. 
 
 
This two-stage damage phenomenon was due to the Kaiser effect. Although the maximum 
stress level for the constant and cyclic tensile loading was maintained at 50% of the ultimate 
failure stress, continuous damage events were detected as loading time or load cycles 
increased. This means that the total damage content for the [0] laminate due to constant or 
cyclic tensile loading should be higher than the laminate subjected to static tensile loading to 
50% of the ultimate failure stress. Therefore, when the laminate was loaded to a higher stress 
level (i.e. above 50% of the ultimate failure stress), there was a short period of time at the 
beginning of post-tensile loading when no acoustic emissions (damage) were detected. This 
5814!hits!per!percent!of!
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suggests that the rupture strength of the undamaged fibres within the laminate were higher 
than the applied tensile stress during the initial period of post-tensile loading. Following this 
transition phase, a recovery of acoustic emissions was detected when the maximum damage 
level to the laminate was exceeded during post-tensile loading. Based on the Kaiser effect, the 
corresponding transition point can be used to characterise the damage level of the laminate, as 
shown in Figures 4.12 and 4.13. Table 4.4 shows similar damage levels detected in the Kaiser 
effect analysis of cyclic and constant tensile loading, and this agrees with that detected using 
continuous AE monitoring for the two loading conditions. It is worth noting that similar rates 
of acoustic emissions were detected for post-tensile loading for the two loading cases, as 
shown in Figures 4.12 and 4.13.  
 
Table 4.4: Comparison between the average damage content due to cyclic and constant tensile loading using 
Kaiser effect analysis and AE analysis.  
 Cyclic tensile tests Constant loading tests 
Kaiser effect analysis 50.8% 51.7% 
AE analysis 14244 hits 13918 hits 
 
 
This study is the first use of the Kaiser effect phenomenon to characterise the damage content 
of laminates caused by prior loading. The benefit of this method is that it is independent of 
the previous loading history for determining the damage content of the material. Of relevance 
to CPVs, it is unlikely that AE would be performed during operation so is difficult to record 
the entire damage history of a cylinder. Using Kaiser effect analysis offers the possibility of 
evaluating the damage content of CPVs in the regular SHM inspections. Once the damage 
content of the vessel has been assessed using AE, then the residual life-time can be estimated.  
 
 
4.3.2. Constant Loading to Failure Test 
Table 4.5 shows that a large amount of scatter was measured in the tensile failure times of the 
pultruded carbon-epoxy laminate during the constant loading tests that were performed at 
96% of the average failure stress. Three laminates fractured under monotonic tensile loading 
(i.e. effectively zero failure time), six laminates failed within 24 hours, and six laminates 
survived the 24-hour maximum loading period. As the laminate was subjected to a stress 
approaching the average failure stress, minor variations in tensile strength between specimens 
would yield significant scatter in the fibre damage that was detected using AE. Such variation 
is attributed to the stochastic nature of the fibre strength in composite materials.  
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Table 4.5: Time-to-rupture results for six pultruded carbon-epoxy specimens subjected to the identical constant 
tensile loading condition. 
 Time-to-rupture (hour) 
Laminate 1 12.3 
Laminate 2 1.5 
Laminate 3 4.0 
Laminate 4 20.6 
Laminate 5 0.5 
Laminate 6 0.1 
 
 
Similar AE properties were detected during the monotonic and constant tensile loading tests. 
Table 4.6 show consistent AE results of low amplitude, short rise-time, short duration, and 
high frequency acoustic hits for the two loading cases. The partial power algorithm for 
discriminating fibre rupture events from other damage events was applied. It was found that 
the majority of AE hits were caused by fibre failures - 79% and 73% of total AE hits 
corresponded to fibre rupture for the monotonic tensile loading and constant tensile loading 
conditions, respectively. It is apparent that fibre rupture is the dominant failure process for 
both types of tensile loading, which is expected.  
 
Table 4.6: AE results detected in the pultruded carbon-epoxy laminate under monotonic or constant tensile 
loading and the percentage of fibre rupture events.  
 Amplitude 
(dB) 
Rise-time 
(µsec) 
Duration 
(µsec) 
Frequency 
(kHz) 
Fibre breakage 
(%) 
Monotonic loading 47.0 6.7 23.8 518.6 79 
Constant loading 47.9 6.6 29.1 524.1 73 
 
 
Figure 4.14 shows the cumulative AE hit curves measured for the unidirectional laminates 
over the course of the constant loading test. As mentioned, six specimens were tested under 
identical conditions to assess the scatter in the results. Following the pre-loading, the curves 
show a slow increase in damage events with increasing loading time until eventually a rapid 
rise in cumulative AE hits occurs just prior to final failure. As damage in the unidirectional 
laminate is dominated by fibre ruptures, the increase in the number of AE hits was due mostly 
to the accumulation in fibre breakages which occurred in a stochastic manner with increasing 
loading time. As the accumulated damage reached the structural (instability) limit of the 
laminate, a rapid increase in the number of AE hits was detected immediately before final 
rupture. The structural instability limit can be used to define the maximum damage threshold 
for unidirectional laminates under constant tensile loading, and such a threshold can be 
determined by the total number of AE hits at the failure inflection point, as indicated by the 
circled regions in Figure 4.14.  
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Figure 4.14: Cumulative AE hits for fibre breakage in the [0] laminate in the constant tensile loading-to-failure 
test. Six specimens were tested under identical conditions. The circled region indicates when the structural 
instability point of the laminate was reached.  
 
 
The curves in Figure 4.14 for laminates 1 to 4 show a slight increase in damage rate before 
reaching the failure inflection point, signifying a potential upcoming tensile instability. Since 
CPVs may also exhibit long-term damage during operation on road vehicles, then the 
detection of any significant increase in the AE damage rate could be used to indicate the 
approach of structural failure of the cylinder.  
 
There was an exceptional case found with laminate 4 where an abrupt increase in damage 
occurred after about 12 hours followed by another stable rise in AE hits before final failure. 
The cause of this sudden increase was due to longitudinal fibre splitting at the laminate edges. 
This was the only specimen which experienced longitudinal splitting, which is why the AE-
loading curve is different to the curves for the other five specimens. 
 
A large amount of scatter was recorded in the critical number of AE hits between the laminate 
specimens (between 100000 and 650000 hits) when they reached the point of mechanical 
instability. This shows that a large variation in the maximum damage threshold exists for the 
unidirectional laminate. Since similar types of damage occur in CPVs and unidirectional 
laminates, and therefore these results suggest that large variability in the maximum damage 
threshold may also occur for CPVs under constant pressure loading. For this reason, the 
maximum damage threshold for CPVs should be defined using a probability-based approach. 
That is, when the cumulative AE hits for a CPV reaches a certain level then it will have a 
certain probability of failing. In the aspects of damage prognosis (section 2.3), the quantitative 
value of the maximum damage threshold level is needed for calculating remaining service 
life-time of CPVs. Compared to visual inspection method, which is the current inspection 
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technique applied in the CPV field, the SHM based on probability approach can effectively 
reduce the possibilities of obtaining false positive and false negative inspection results. In 
addition, the reduction to the likelihood of false negative result can avoid employing flawed 
composite pressure vessel cylinders on CNG bus, which could fail catastrophically during 
service. However, for this approach to be accurate a large amount of experimental testing on 
many CPVs is necessary to generate a statistically meaningful database on the number of AE 
hits that defines the onset of failure. 
 
 
4.3.3. AE Damage Analysis on the Effect of Operating Temperature 
The effect of operating temperature on the AE response for the [0] carbon-epoxy laminate 
when subjected to constant tensile loading was investigated. This study involved constant 
loading tests performed at different temperatures between 20 and 90°C. The Tg of the carbon-
epoxy laminate was measured using DTA to be 80°C. Figure 4.15 shows the total number of 
AE hits recorded for the laminate at different temperatures. When the temperature exceeded 
the Tg, the number of AE hits increased sharply due to the brittle-to-rubbery transformation of 
the polymer matrix. The number of AE hits detected in the 90°C test was approximately 
seven times higher than the lower temperatures. Softening of the polymer matrix is believed 
to reduce the efficiency of shear lag above 90°C, resulting a much greater rate of fibre 
fracture events detected using AE. 
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Figure 4.15: Total number of AE hits detected in the laminate at different temperatures.  
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Figure 4.16 shows the cumulative AE hits against loading time curves measured at the 
different temperatures. Below Tg the curves shows an initial rapid rise in the number of AE 
hits (due mainly to fibre breakages) followed by a prolonged period involving a low (quasi-
steady state) AE hit rate. Above Tg, the number of AE hits increased much more rapidly with 
time and a steady-state condition was not reached. When the matrix polymer transformed to 
the rubbery state above Tg, then the carbon fibres were required to carry more tensile stress 
due to two factors. Firstly, thermal softening of the epoxy matrix caused the carbon fibres to 
experience a higher tensile strain; although this increase is very small since the matrix phase 
carries less than 1% of the applied load. Secondly, and more importantly, the efficiency of the 
shear lag process was reduced significantly above Tg. The large reduction in the plastic shear 
flow stress of the matrix phase that occurs above Tg means that stress transfer between the 
broken fibre ends becomes much less efficient than at temperatures below Tg (Section 2.4). 
Consequently, more stress is transferred to the remaining intact fibres which then fail at the 
faster rate due to over-stressing.  
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Figure 4.16: Cumulative number of AE hits detected in the [0] laminate under constant tensile loading at 
different temperatures. 
 
 
The scatter in the acoustic amplitude versus acoustic duration values measured for the 
laminates tested at different temperatures is shown in Figure 4.17. When the temperature 
exceeded the Tg, a similar AE scatter profile was obtained for the 90°C tests compared to the 
lower test temperatures, where the maximum amplitude and duration of the AE events were 
up to 70 dB and 100 µsec, respectively. The majority of AE hits at all temperatures were 
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recorded within 50 dB and 10 µsec. This indicates that there is no statistically significant 
change in the AE amplitude and duration responses, even when the temperature exceeded Tg, 
and this indicates that the same damage processes (dominated by fibre fracture) occurred over 
the entire temperature range. 
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Figure 4.17: The population density of AE results in amplitude – duration domain, detected in the laminate 1 at 
different temperatures. The colours represent the level of population density at given amplitude and duration. 
 
 
The glass transition temperature of carbon-epoxy laminate decreases when saturated with 
water. The effect of water absorption on the Tg of the [0] laminate was determined using 
differential thermal analysis, and the DTA profile is presented in Figure 4.18. It was found 
that the Tg decreased from 85°C to 60°C due to water absorption. Reductions in Tg of about 
25oC due to water absorption are common for epoxy-based composites [19,20]. Since CPVs 
may absorb water (from humid air) over their long operating life (although it is highly 
unlikely that a fully saturated condition will be reached) then it is feasible that the Tg will be 
reduced. This, together with the results presented in this section, implies that allowance 
should be made in defining the maximum operating temperature for CPVs based on the 
possibility of reduced Tg due to water absorption from the atmosphere.  
 
20°C 60°C 65°C 
70°C 75°C 90°C 
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Figure 4.18: DTA result of Tg for the carbon-epoxy laminate approaching full saturation with water. The 
occurrence of glass transition process with respect to the temperature for the laminates is indicated between two 
dotted lines in each diagram. 
 
 
In summary, the effect of increasing temperature becomes significant in accelerating the 
damage rate in unidirectional laminates when the glass transition temperature is reached. At 
temperatures close to or above Tg, a significant increase in the number of damage events 
(mostly fibre failures) was detected using AE. When the laminate is saturated with water, this 
reduces the Tg and consequently the temperature at which the damage rate increases at a rapid 
rate. Therefore, it is necessary to determine the Tg of pressure vessels due to water absorption 
by the composite wall and ensure that the operating temperature is well below this value. 
 
 
4.4. SUMMARY 
The damage process to unidirectional carbon-epoxy laminates subjected to various operation-
related conditions was studied using acoustic emission: cyclic and constant loading; constant 
loading to failure; and temperature. The major research findings are summarised below.  
 
A comparative study into the damage to laminates under constant or cyclic loading cases was 
performed using AE. Similarities in the stochastic damage behaviour, AE signatures, and 
cumulative AE hit curves suggests that fibre rupture is the primary damage mechanism for the 
two loading cases. This finding was further supported by analysis using the partial power 
algorithm, where the majority of the AE hit population was identified to be fibre breakage 
events. The rate of cumulative AE hits for the constant and cyclic load cases was measured to 
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be logarithmic. This AE analysis showed the possibility of measuring the current and future 
damage rate for CPVs by back calculating from the whole-of-life damage-rate (logarithmic) 
curve of vessels when the number of damage events has been measured. The identification of 
future damage rate is essential for determining the residual life-time of CPVs in damage 
prognosis analysis. 
 
The Kaiser phenomenon detected for the unidirectional laminate was used to identify the 
damage induced by constant or cyclic loading. The same total damage level for the two 
loading cases was observed in the Kaiser effect analysis. This result correlated well to the 
total number in AE hits detected in the constant or cyclic loading tests. For future studies, a 
probability analysis to study the damage accumulation rate for the two loading cases should 
be conducted by quantifying the scatter to the gradient of the log-linear curves. 
 
The damage to the unidirectional laminate when subjected to constant tensile loading until 
rupture was also studied using AE. The majority of AE hits were identified, using the partial 
power algorithm, to be fibre breakages. The detection of stable damage growth under constant 
loading was indicative of a time-dependent damage process. This time-dependency is 
attributed to the viscoelastic shear flow of the polymer matrix around the ends of the broken 
fibres, which is a time-dependent deformation process. Final rupture of the laminate during 
constant loading showed damage inflection behaviour in the total number of AE hits, when 
the damage underwent a transition from stable growth to structural instability immediately 
prior to final failure. The damage inflection point detected using AE could be used to define 
the damage threshold of composite materials, in terms of the number of AE hits or time-to-
rupture. However, a large variation in the damage threshold due to material scatter was 
recorded, and therefore a probability-based approach to identify the damage threshold of 
composites must be performed.  
 
The study into the effect of operating temperature on the damage to laminates was conducted 
using AE. A large increase in the rate of AE hits was detected when the operating temperature 
exceeded the Tg. This was due to a reduction in the efficiency of the shear lag process due to 
thermal softening of the polymer matrix. The Tg of the laminate reduced from 85°C to 60°C 
when the laminate became saturated with water, and this suggests that moisture ingress into 
the CPV wall will accelerate the damage process at elevated temperature. Therefore, the 
maximum operating temperature should be kept well below the glass transition temperature of 
the composite material used in the vessel. 
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ABSTRACT 
Intrinsic variability in one or more of the material properties is one of the critical factors 
affecting the service life of composite structures, including composite pressure vessels 
(CPVs). The intrinsic scatter in the tensile properties of unidirectional carbon-epoxy laminates, 
representative of the material used in CPVs, is due to several factors including variability in 
the fibre failure strength and fibre volume content. Despite careful quality control in the 
fabrication of CPVs, the fibre strength and fibre content cannot be precisely controlled and 
this can affect the tensile properties. To investigate the influence of this variability on the 
damage and failure of CPVs, and its affect on AE monitoring, a new finite element (FE2) 
model using a multi-scale analytical approach was developed to simulate the tensile fibre 
rupture process in [0] carbon-epoxy laminates with small variations in their fibre strength and 
fibre content. The magnitude of the variations in these fibre properties that were analysed 
using the FE2 model was similar to that found in the composite materials used in CPVs.  
 
It was predicted using FEM that when the variability in the local fibre volume content (Vf) of 
the [0] laminate microstructure was increased but the mean Vf remained constant, then this 
could greatly alter the time-to-rupture under constant tensile loading. Modelling also revealed 
that when the mean Vf of the [0] laminate was changed but the local variability in the Vf was 
held constant, then the bulk tensile properties of the laminate changed. This change to the 
failure stress can alter the time-to-rupture of laminates by several orders of magnitude.  
 
The FE2 analysis showed that random variations to the fibre strength and/or fibre content 
could dramatically alter the time-to-rupture of [0] laminates under constant tensile loading. 
This analysis may explain the large variability to the experimentally measured rupture times 
of the carbon-epoxy laminates that were reported in the previous chapter. The differences in 
the rupture time were quantified with an FE2 model using a probability-based approach to 
failure analysis. From this the factor-of-safety which accounts for random variations in fibre 
strength and fibre content was determined for [0] carbon-epoxy laminates used in CPVs. The 
analysis presented in this chapter provides a methodology to assess the effect of random fibre 
properties on the tensile properties and long-term structural stability of CPVs.  
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5.1. INTRODUCTION 
The mechanical performance of composite pressure vessels is mainly determined by the load-
bearing fibres, which are placed on a geodesic path along the cylinder wall. When cylinders 
are subjected to internal pressure, the fibres are loaded in tension and provide most of the 
structural strength. The tensile properties of unidirectional laminates are governed mostly by 
the strength, volume content and orientation (relative to the load direction) of the continuous 
fibres. It is often assumed, incorrectly, in the structural analysis of composites (including for 
CPVs) that all the fibres have the same tensile strength. In reality, brittle fibres such as carbon 
filaments have a wide range of failure strength values. Consequently, the fibres used in CPVs 
vary significantly in strength which may affect the mechanical properties. It is also incorrectly 
assumed that the fibres are evenly distributed through the material, but in reality they are 
unevenly spread with localised regions of low, average or high fibre content. These random 
fibre properties may affect the mechanical performance of the composite used in pressure 
vessels.  
 
The aim of the study presented in this chapter is to theoretically investigate the effect of 
random distributions in the fibre strength and fibre content on the tensile properties of 
unidirectional carbon fibre-epoxy laminates using finite element modelling. Since a [0] 
laminate under axial tension loading shows a similar fibre failure process to a CPV subjected 
to internal pressure (as reported earlier in this thesis), a simple material system - 
unidirectional carbon-epoxy laminates - was studied to model the fibre failure process in 
pressure vessels.  
 
The approach to finite element modelling of carbon-epoxy laminates used in CPVs was 
founded on early analysis into the tensile failure of composite materials. The tensile failure of 
fibrous materials was originally investigated by Cox [1], who analysed the mechanism of 
“shear lag” or load transfer through the shear deformation of the matrix phase around the ends 
of broken fibres. Cox developed a shear lag model in which the fibres and matrix were 
assumed to be linearly elastic with perfect adhesion so that the load transfer mechanism 
occurred between the fibre and matrix at the fibre/matrix interface. Based on the shear lag 
model by Cox [1], the initiation of multiple fibre breaks along a finite length of fibre could be 
explained. When a fibre break occurs in a composite material, the shear deformation of the 
polymer matrix around the break is able to transfer the axial stress back to the broken 
ligaments of the fibre. The broken fibre is reloaded to the applied stress level, and the critical 
length required to fully restore the load-bearing capacity is known as the load transfer 
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distance. Once the fibre is fully reloaded, it can continue to break at other locations when the 
applied stress at the given point of the fibre exceeds its local rupture stress. 
 
The tensile fibre failure mechanism in a unidirectional laminate is similar to a single fibre 
composite. However, with multiple fibres existing within a laminate, the intact fibres 
neighbouring a broken fibre experience an additional tensile load that was originally 
supported by the broken fibre, confined to the load transfer distance. This load-sharing 
mechanism has been analysed by Rosen [2] and Zweben [3] using different micromechanical 
approaches. Rosen [2] proposed an equal-load sharing law in which the loads are distributed 
equally amongst the intact fibres whereas Zweben [3] suggested that this mechanism is 
confined to the intact fibres neighbouring the broken fibre, and therefore a more localised 
state of stress concentration exists. This load-sharing process is the primary mechanism 
accounting for the fibre failure process in unidirectional laminates under increasing tensile 
loading.  
 
To model the fibre damage process in a unidirectional carbon-epoxy laminate under tensile 
loading, Blassiau and colleagues [4-9] proposed a multi-scale finite element (FE2) model 
involving two scales of analysis: micromechanical and macromechanical analyses of the 
material. (FE2 denotes two length scales of FE modelling in the calculation). The FE2 model 
was able to link damage events occurring at the microstructural level to the macro-scale of the 
entire structure, and ultimately determine the macroscopic material response based on fibre 
damage. A representative volume element (RVE) consisting of carbon fibres and polymer 
matrix was used to analyse the tensile behaviour of these constituents at the microstructural 
level. Baxenvanakis [10] showed that the RVE for fibre-reinforced laminate in one-
dimensional scale contained six fibre filaments. Based on Baxevanakis’s study, Blassiau 
proposed a RVE with 3D scale, which contains 32 carbon fibres arranged in a hexagonal 
distribution and the proposed RVE has been validated in Blassiau’s study [4]. Following that, 
Blassiau and colleagues [4-9] introduced the shear lag mechanism into the RVE simulation 
and thereby the effects of broken fibres, fibre/matrix debonding around broken fibres, and 
viscoelastic shear deformation of the polymer matrix could be analysed. These are the main 
processes affecting the tensile properties of unidirectional laminates at the microstructural 
scale. 
 
Following this work, Camara and colleagues [11,12] conducted an extensive numerical study 
into the tensile failure of laminates which was based on Blassiau’s FE2 model [4-9]. Since 
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laminates have local microstructural differences in the average fibre volume content (Vf), 
Camara et al. [10, 11] conducted a numerical study into the effect of changing Vf within the 
RVE on the tensile failure behaviour of carbon fibres. The significance of this study was that 
the macroscopic process of the laminate having different average Vf values could be analysed. 
It is important to note that although the model by Camara et al. [10,11] was able to analyse 
the laminate with different average Vf values, the fibre arrangement was assumed to be 
uniform which is not the cause with real composites which often have an uneven and random 
fibre distribution. 
 
Based on the work by Blassiau’s et al. [4-9] and Camara et al. [11,12], this chapter presents a 
FE2 study into the effect of variable fibre strength and fibre content on the failure strength of 
the carbon-epoxy materials used in CPVs. Since the FE2 model proposed by Blassiau and 
colleagues [4-9] and Camara and colleagues [11,12] successfully analysed the macroscopic 
properties of unidirectional laminates with consideration given to stochastic fibre strength 
properties, the goal of this study is to introduce random fibre volume contents (i.e. uneven 
fibre distributions) into the model so the effect of Vf on tensile failure of carbon-epoxy 
laminates can be numerically analysed. This analysis provides an insight into the microscopic 
fibre rupture process of composite pressure vessels associated with stochastic fibre properties.  
 
The research study presented in this chapter is divided into five parts: 
! First, the approach for developing a multi-scale FE2 model considering random fibre 
content and random fibre strength on the tensile fibre rupture process in [0] laminates is 
described.  
! Second, a validation study of the FE2 model is conducted using the experimental results 
presented in Chapters 3 and 4.  
! Third, a parametric study is performed into the effect of random distributions in fibre 
strength and fibre placement on the tensile properties of UD laminates.  
! Fourth, a parametric analysis using the mean values and standard deviation of the fibre 
volume distribution is performed. This involves numerical analysis into the influence of 
these two parameters on the fibre rupture process in [0] laminates.  
! Finally, a characterisation analysis on material variability due to the stochastic nature of 
fibre strength and fibre content was carried out using a probability-based approach. 
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As the application of the multi-scale model by Blassiau et al. and Camara et al. for CPVs has 
already been validated, the FE2 analysis presented in this chapter focuses on the analysis of [0] 
carbon-epoxy laminates, and does not directly involve the analysis of CPVs.  
5.2. ANALYSIS OF STOCHASTIC FIBRE VOLUME CONTENT  
A microstructural property that can affect the tensile strength and failure process of 
composites is the fibre volume distribution. Figure 5.1 shows the random distribution of fibres 
that typically occurs in carbon-epoxy laminates used in CPVs. Most FE studies assume the 
fibres are arranged in a regular pattern (e.g. cubic, hexagonal) while in reality there is no 
regularity in the fibre distribution and spacing. An objective of this study is to analyse the 
effect of local variations to the fibre content (due to non-uniform fibre distribution) on the 
tensile properties.  
 
 
Figure 5.1: Optical micrograph showing random fibre distribution in a [0] prepreg laminate where the white 
circular regions are carbon fibres and the black regions is the epoxy matrix. 
 
 
Microstructural analysis was performed to determine the fibre volume distributions in the 
unidirectional laminates tested in this PhD project: UD pultruded and UD prepreg carbon-
epoxy materials. A sample size of 1700 observations was performed for the two types of 
composite material. The size of the inspection area was 0.0025 mm2 for each observation, and 
this corresponded to the approximate area of the RVE in the FE2 model (which is described 
later). The fibre volume content was measured from optical images taken at many randomly 
selected locations in the laminate. From this the average and variation (scatter) in the fibre 
content was calculated using a probability (Weibull) approach.  
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Measurements of the fibre volume distributions for the two types of laminates are presented 
as cumulative probability distribution plots in Figure 5.2. A two-parameter Weibull function 
was used to quantify the fibre content distributions:  
     PC Vf( ) =1− exp −
Vf
Vfcoef






mVf







          (Equation 5.1) 
Where  Pc represents cumulative probability Weibull function, Vf represents local fibre 
volume content, Vfcoef represents scale parameter of Weibull function, and mVf represents 
shape parameter of Weibull function. 
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Figure 5.2: Cumulative probability distribution curves for Vf measured for the [0] prepreg (top) and [0] 
pultruded (bottom) laminates based on three samples each. 
 
 
 
Although a Weibull probability curve (two-parameter function) is often defined by its scale 
(Vfcoef ) and shape (mVf ) parameters, the statistical parameters of Weibull mean and standard 
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deviation values are also important in defining the curves. A change to the mean value of 
fibre content while maintaining a constant standard deviation has a horizontal translation 
effect on the Weibull distribution curve. Alternatively, an increase to the standard deviation 
while keeping the mean Vf value constant has a broadening effect on the curve around the 
mean value. Therefore, the Weibull mean and standard deviation parameters were used in this 
study to characterise fibre volume distribution at the microstructural level of carbon-epoxy 
laminates.  
 
The relationship of the Weibull mean (µ ) and standard deviation (σ) to Vfcoef  and mVf  is 
described using gamma function (Γ) by: 
 
µ =VfcoefΓ 1+
1
mVf








  (Equation 5.2) 
and  
         σ = Vf
2
coefΓ 1+
2
mVf







−µ
2    (Equation 5.3) 
 
 
The statistical results for this analysis are presented in Table 5.1. Comparing the results, there 
were slight differences in the mean fibre volume contents between the three samples for both 
the [0] prepreg and [0] pultruded laminates. The statistical analysis also revealed that the 
standard deviation to the fibre content was greater for the prepreg laminate.  
 
Table 5.1: Statistical results of fibre volume contents for the [0] prepreg and [0] pultruded laminates. 
 Vfcoef mVf Mean, µ  Standard deviation, σ  
Prepreg sample 1 0.61 5.90 0.58 0.11 
Prepreg sample 2 0.57 6.20 0.53 0.10 
Prepreg sample 3 0.56 5.45 0.52 0.11 
     
Pultruded sample 1 0.68 22.59 0.66 0.04 
Pultruded sample 2 0.65 22.50 0.64 0.04 
Pultruded sample 3 0.65 24.94 0.64 0.03 
 
 
Once the fibre volume contents were determined using the two-parameter Weibull analysis, a 
deterministic process using a Monte Carlo algorithm was applied to simulate the random 
nature of the local fibre content at the microstructural level in [0] carbon-epoxy laminates. 
The details of the Monte Carlo analysis are given as follows. 
Chapter 5 - Multi-Scale Damage Modelling of Carbon-Epoxy Laminates Used in Pressure Vessels 
 136 
1. An inverse function of the fibre content equation was obtained – i.e the local fibre content 
of the laminate was in a function of cumulative probability value, which has the domain 
between 0 and 1. In this study, the size of parameter space for the random algorithm was 
related to total number of RVE (or total number of gauss point) used in the laminate 
model.  
2. A sequence of inputs for the inverse function was generated over the domain of 0 and 1 
using pseudorandom number generator, and the total number of inputs was equivalent to 
the size of the parameter space. Each input corresponded to one RVE.  
3. Once the sequence of the inputs was obtained, then the sequence of fibre volume content 
associated to the given probability distribution was determined using the inverse function.  
Using this way, each RVE was randomly assigned a value for the fibre content that was 
obtained from the Weibull probability function. When repeating this randomisation process 
using the same Weibull function, different fibre contents in the RVEs were generated. In this 
way, the effect of randomly assigned fibre contents on the failure strength and creep rupture 
time of laminates used in CPVs can be numerically analysed using the FE2 model.  
 
In summary, the properties of fibre volume content in the UD laminate can be altered in three 
ways: 
! Method 1: Change the mean or variability of fibre content in the material.  
! Method 2: Randomly change the local fibre content through the material using Monte 
Carlo simulation, but without altering the mean and variability of fibre volume content. 
! Method 3: Apply both methods 1 and 2 concurrently. 
 
 
5.3. ANALYSIS OF STOCHASTIC FIBRE STRENGTH  
As mentioned, variations in the fibre strength is one of the critical factors affecting the tensile 
failure of composite materials. In order to study the macroscopic failure behaviour of [0] 
laminates, the fibre failure process must be fully understood. Since flaws of random sizes is 
the most common cause for the variation in the strength properties of brittle materials, 
Weibull [13] proposed a probability-based model which can quantitatively describe the effect 
of a random size distribution of a single type of defect on the failure strength of a brittle solid. 
This is the two-parameter Weibull strength statistical function, and it can be applied to 
quantify the variability to the tensile strengths of carbon fibres used in laminates. In this 
research, the tensile properties of high-strength carbon fibres were used to simulate the fibre 
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rupture process in a [0] carbon-epoxy laminate which is the representative of the material 
used in CPVs. Figure 5.3 presents the Weibull distribution curve for the tensile rupture 
strength of the carbon fibres used in the FE2 model, and the carbon fibres have an average 
strength of 2.94 GPa. 
 
The randomisation of the local fibre strength in the [0] laminate was performed using a Monte 
Carlo algorithm. This process assigned fibre strength values obtained from the Weibull 
probability function in a random way to the fibres in each RVE of the FE2 model. In this way, 
the effect of random fibre strength properties on the failure strength and tensile creep rupture 
process of laminates used in CPVs was numerically analysed. 
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Figure 5.3: A cumulative probability distribution curve for the tensile failure strength of the carbon fibres used 
in the FE2 model. These carbon fibres have the mean failure strength of 2.94 GPa.  
 
 
5.4. APPROACH TO MULTI-SCALE DAMAGE MODELLING  
Continuum damage analyses at different length scales of damage must be conducted in order 
to study the effect of damage on the macro-mechanical behaviour of a composite structure. 
Consequently, a multi-scale modelling approach – a method of linking the analysis at each 
length scale up to the final scale of the structure – was conducted according to the 
homogenisation principal.  
 
Allen [14] has discussed in detail the procedures to perform multi-scale analysis for a two-
scale damage problem (microscopic and macroscopic scale). In brief, this involves:  
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! Step 1: Perform continuum analysis at the micro-scale level.  
! Step 2: Homogenise the results of the micro-scale analysis, thus producing a damage 
dependent macro-scale constitutive theory.  
! Step 3: Solve the macro-scale continuum problem using the damage dependent 
constitutive theory produced in step 2.  
 
A similar three-step approach was used to create the continuum damage model for this study.  
There are several criteria which are essential to perform continuum mechanics analysis. Since 
the mass density of the solid body in continuum analysis is considered as a continuously 
differentiable object in the spatial coordinates at all length scales, a statistical homogeneity 
condition must be obtained for the smallest length scale being analysed (e.g. fibres in 
composite materials). This means that the spatial variations in stress and strain of the 
representative volume elements are small compared to the average stress and strain levels in 
the continuum mechanics analysis [11].  
 
In this research, a multi-scale FE2 model based on continuum scale analysis at the 
microscopic and macroscopic scales of a [0] carbon-epoxy laminate was developed. The goal 
is to analyse the macroscopic tensile properties of the laminate on the basis of random fibre 
failure events occurring at the microscopic scale, with consideration given to the stochastic 
nature of the fibre strength and fibre volume properties. For the microscopic scale analysis, a 
representative volume element of the laminate (which is composed of carbon fibres and epoxy 
matrix) was constructed to analyse tensile failure of the fibres. As mentioned, the fibre 
strength and fibre volume properties were assigned to the RVEs of the FE2 model in a random 
way using a Monte Carlo process to mimic the stochastic nature of composite materials used 
in CPVs. For the macroscopic analysis, homogenous material properties were applied. (More 
details of the analysis involved in the numerical simulation are discussed later in this chapter.) 
The rationale for developing this method is to further understand the weakening of the 
composite materials used in pressure vessels due to failure of carbon fibres, and how this may 
affect the use of acoustic emission monitoring for damage detection.  
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5.4.1. Multi-scale FE2 Modelling Algorithm 
The multi-scale FE2 model involved an iterative algorithm that consisted of four analytical 
stages:  
! calculation at the macroscopic scale,  
! migration process from macro-to-micro scale (known as the localisation process),  
! calculation at the microscopic scale,  
! migration process from micro- to macro-scale (known as the homogenisation process).  
 
 
Figure 5.4 shows a work-flow chart of the multi-scale FE2 model used in this study. 
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Figure 5.4: Flowchart of multi-scale FE2 algorithm for the fibre rupture model. (From Camara et al. [11]). 
 
 
! Step 1: Macro-mechanical analysis  
This is the first step in the FE2 analysis. Calculation at the macroscopic scale determines the 
mechanical response of the entire structure, such as a CPV. In this step, the laminate 
properties at each integration point are treated as state variables, which are related to the 
damage state involving fibre breakages determined in the micromechanical calculation. The 
state (property) variables are updated by the homogenous material properties at every iteration. 
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When the macro-mechanical analysis is performed, the stress and strain fields at each 
integration point in the structure is calculated and used in the localisation process. In this 
study, a FE2 approach is adopted and failure is defined when a non-convergence calculation 
occurs.  
 
! Step 2: Localisation process  
The aim of the localisation process is to provide the transition from macro-mechanical to 
micro-mechanical analysis for each integration point in the FE2 model. Eight-node brick 
elements (C3D8 element) were used to construct the FE2 model of the [0] carbon-epoxy 
laminate. Each brick element had 8 integration (Gauss) points, and each element contained 8 
RVEs. Therefore, each integration point corresponded to one RVE. When the RVE was 
subjected to the macroscopic stress or strain determined in step 1, it was possible to calculate 
the axial load applied to each fibre in the RVE.  
 
! Step 3: Micromechanical analysis 
The objective of this step is to determine the amount of fibre damage in each RVE (at each 
integration point) after the localisation process. In the micromechanical calculation, fibre 
rupture in the RVE is assumed to occur when the load applied on the fibre exceeds its rupture 
strength, which is a randomly assigned value according to the Weibull fibre strength 
properties (as given in Figure 5.4). To determine the load on each fibre, an algorithm was 
developed based on the FE results for the constituent materials in the RVE, where the 
calculation was performed at discrete points along the fibres. In addition, several factors 
affecting the local stress of the RVE were considered in the FE2 analysis: the effect of broken 
fibres; the effect of fibre-matrix debonding on the broken fibre; the effect of viscoelastic 
deformation of the polymer matrix; and the effect of varying fibre distribution in the RVE. 
 
Once the loads applied on the fibres in each RVE have been calculated, the total number of 
fibre breakages at any given stress level and loading time can be calculated. A process to 
obtain this value is discussed in section 5.4.3.2. 
 
! Step 4: Homogenisation process 
The homogenisation process was undertaken to provide the transition from the 
micromechanical analysis back to the macro-mechanical analysis of the laminate. After 
micromechanical analysis had determined the fibre damage state in each RVE at each 
iteration, the homogenisation process was applied to evaluate its effect on the macro-
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mechanical tensile properties of the laminate. Subsequently, the new material properties at 
each integration point (RVE) was applied back to step 1 and a new numerical iteration 
commenced. 
 
In this study, the homogenisation process was based on an approximation method using rule-
of-mixtures analysis for laminate materials. It was assumed that the effect of any broken fibre 
was confined within the local region of the RVE. Within this region, the shear lag mechanism 
around the broken fibre was simulated, and the increase in longitudinal tensile stress 
experienced by the intact fibres neighbouring the broken fibre due to shear deformation of the 
matrix phase at the ligament of the broken fibre was calculated. Although the load recovery to 
the broken fibre within the local region was successfully modelled in the micromechanical 
analysis, it was assumed that the broken fibre was unable to carry tensile load within the RVE, 
and this was done to simplify the homogenisation problem in the model. From this, the 
residual tensile modulus and strength of the RVE were determined from the number of 
remaining intact fibres. More details on the homogenisation process are discussed in the 
studies of Blassiau et al. [8] and Camara et al. [11,12].  
 
 
5.4.2. Mathematic Analysis Used in FE2 Modelling  
An objective of the FE2 analysis of [0] laminates (or CPVs) was to determine the following 
variables in the macro-mechanical analysis: Cauchy stress tensors ( σ M = σ
ij
M( )
i, j=1, 2 and 3
), 
displacement tensors ( uM = u
i
M( )
i=1, 2 and 3
), and scalar damage parameter ( d fM ). The superscript M 
signifies the variables for the macroscopic scale.  
 
The following analysis was used to calculate the stress state of the laminate: 
 
I. Conservation of linear momentum:  
          σ ji, j
M
= 0 in    V
M
       (Equation 5.4) 
The inertial effects and body force are assumed to be negligible. The symbol V denotes the 
volume of the continuum body. 
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II. Constitutive equation: 
σ ij
M
=Cijkl
M
d f
M( ) εklM in    VM   (Equation 5.5) 
This equation is based on an elastic damage law which assumes that σ
ij
M  is linearly related to 
the scalar damage parameter, d fM . CijklM  is the stiffness tensor and εklM  is the elastic strain tensor 
at the structural scale. 
 
 
III. Micromechanical analysis of UD laminate: 
The scalar damage variable d fM  is determined using micromechanical analysis of the laminate. 
As mentioned, a RVE cell was used to replicate the laminate microstructure and the 
localisation process was used to transition from the macro-mechanical to micromechanical 
scales. Three variables in the micromechanical analysis must be solved: symmetric stress 
tensors (σ m = σ
ij
m( )
i, j=1, 2 and 3
), displacement tensor ( um = u
i
m( )
i=1, 2 and 3
), and state damage variable (d fm ). 
The superscript m denotes microscopic scale.  
 
Three analysis are used to solve the micromechanical problem, as follows: 
 
i Conservation of linear momentum (assuming negligible inertia and body force):  
                 σ ji, j
m
= 0 in    V
m
  (Equation 5.6) 
 
 
ii Constitutive equation: 
Carbon fibre:         σ ijm =Cijklm εklm in    Vm   (Equation 5.7) 
Epoxy matrix:     σ ijm t( ) =Cijklm t( ) εklm in    Vm  (Equation 5.8) 
 
The properties of both the carbon fibres and epoxy resin are used in the micromechanical 
analysis, and therefore separate constitutive equations are applied to the micromechanical 
model for each constituent. Linear elastic behaviour of the carbon fibres and time-dependent 
viscoelastic behaviour of the polymer matrix is assumed. Once the tensile stress acting on the 
carbon fibres is calculated it is then possible to determine the number of broken carbon fibres 
for each iteration of the loading state. 
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iii Determination of scalar damage variables, d fm !and!d fM : 
The scalar parameter d f
m  is defined as the total number of broken fibres in a RVE cell. The 
relationship between the damage variables at the microscopic and macroscopic scales is given 
by: 
       d f
M
=
d f
m
32
   (Equation 5.9) 
d fM !defines the fraction of carbon fibres in a RVE cell which are broken from a total fibre 
population of 32.  
 
Appropriate initial and boundary conditions for both length scales must be used to solve 
Equations 5.4 to 5.5 (global length scale) and Equations 5.6 to 5.9 (local length scale) for the 
two-scale [0] laminate problem. The boundary conditions for the micromechanical analysis 
were taken from the work by Blassiau [4] and Camara [11]. For the macro-mechanical 
analysis, the boundary conditions are discussed later in this chapter. The multi-scale fibre 
rupture model can be solved analytically or numerically and then the unknown variables – 
stress, strain and displacement – can be predicted as functions of time and space at the two 
length scales. 
 
 
5.4.3. Multi-scale Mechanical Model for Unidirectional Laminates that 
Considers Stochastic Material Properties 
A new multi-scale mechanical model for UD laminates with consideration given to the 
stochastic (variable) fibre strength and fibre content properties was developed as an extension 
of the model originally created by Blassiau et al. [4-9] and Camara et al. [11,12]. Camara et al. 
[11,12] performed micromechanical analysis on three types of RVE for carbon-epoxy 
laminates with fibre contents of 19%, 39% and 64%. The effect of fibre content of the RVE 
on the load transfer (shear lag) mechanism was examined. Information on the load transfer 
coefficients is given by Camara et al. [11], and it was the theoretical basis for developing a 
new fibre rupture model in this PhD study. 
 
For developing a new fibre rupture model, several physical and mechanical parameters used 
in the algorithm, including stiffness tensors and load transfer coefficients, have to be 
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determined as a function of Vf. The modifications made to the original FE2 model to create the 
new fibre rupture model are detailed as follows. 
 
 
5.4.3.1. Determination of Algorithms for Stiffness Tensors and Load Transfer 
Coefficients 
The objective of this section is to describe how values for the stiffness tensors and load 
transfer coefficients are calculated as functions of Vf. Using these values the FE2 model can 
analyse for the random fibre contents of the RVEs to a [0] laminate. An extrapolation analysis 
was performed to determine the functions, and details of the analysis are as follows. 
 
5.4.3.1.1. Stiffness Tensor Functions 
The stiffness tensors calculated by Camara et al. [11,12] for [0] carbon-epoxy laminates (in 
the undamaged state) with fibre volume contents of 0%, 19%, 39% or 64% are given in Table 
5.2. A fourth-order polynomial equation was used to curve-fit each stiffness tensor as a 
function of fibre volume fraction: 
 
          ( ) eVdVcVbVaCSVC fffffij +×+×+×+×= 23432,     (Equation 5.10) 
 
CS32 defines the total number of fibres (32) in the RVE. The coefficients for the extrapolated 
function are given in Table 5.3. An example of the smoothing result for the stiffness tensor 
ratio, C11, is shown in Figure 5.5. 
 
Table 5.2: Stiffness tensor of Cij (Vf , CS32) for different fibre volume fractions. (From Camara et al. [11]). 
Vf C11 C12 / C13  C22 / C33 C23 C44 C55 / C66 
0% 4038 1731 4038 1731 1154 1154 
19% 47436 2297 5343 2312 1662 1688 
39% 92831 3261 7468 3402 2794 2601 
64% 149080 6230 13974 6793 7032 5471 
 
Table 5.3: Coefficients used for the stiffness tensor Cij (Vf , CS32). 
 a b c d e 
C11 0 780 19680 208150 7780 
C12/C13 8584 4240 1507 1911 1836 
C22/C33 20682 7047 3904 4286 4315 
C23 10063 4326 2296 1877 1830 
C44 18108 3452 2005 1617 1233 
C55/C66 9045 2493 2840 1291 1309 
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Figure 5.5: Relationship between stiffness tensor, C11, and fibre volume fraction. 
 
 
5.4.3.1.2. Load Transfer Functions 
Three types of load transfer coefficients were used to model the shear lag process after a fibre 
had broken in the RVE. These coefficients were for the broken fibre (Kr), fibre/matrix 
debonding (Krd=35µm), and viscoelastic deformation of the polymer matrix (Krγ). The 
micromechanical analysis predicted that fibre/matrix debonding with a debond length of 35 
µm (i.e. d = 35 µm) around a broken fibre induced the largest increase in tensile stress on the 
neighbouring intact fibres [6]. The Kr and Krd=35.0 µm functions are dependent on the fibre 
content of the RVE, whereas Krγ is independent. Camara et al. [11] determined the load 
transfer coefficients for RVEs with fibre volume fractions of 19%, 39% and 64%, and these 
values are given in Tables 5.4 and 5.5.  
 
 Table 5.4: Load transfer coefficients due to broken fibres (Kr) for different fibre volume fractions. (From 
Camara et al. [11]). 
Kr C32 C16 C8 C4 C2 
Vf = 19% 0.0547 0.0599 0.0746 0.1544 0.3451 
Vf = 39% 0.0673 0.0725 0.0879 0.1827 0.4094 
Vf = 64% 0.0719 0.0768 0.0918 0.1908 0.4235 
 
Table 5.5: Load transfer coefficients due to fibre/matrix debonding (Krd) with the debond length of 35 µm for 
different fibre volume fractions. (From Camara et al. [11]). 
Krd= 35 µm C32 C16 C8 C4 C2 
Vf = 19% 0.0246 0.0364 0.0688 0.1650 0.5251 
Vf = 39% 0.0176 0.0306 0.0641 0.1595 0.5444 
Vf = 64% 0.0152 0.0301 0.0667 0.1648 0.5580 
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Kr and Krd=35.0µm were determined as functions of Vf using extrapolation analysis. Four types 
of smoothing function were applied to curve-fit the Kr and Krd=35.0 µm coefficients, as given in 
Equations 5.11 to 5.14, and the corresponding coefficients for the smoothing functions are 
given in Tables 5.6 and 5.7.  
 
! Smoothing function 1: Kr (Vf ) = a0 × 1− exp −b0 ×Vf( )( )+ c0  (Equation 5.11) 
! Smoothing function 2: Krd=35µm (Vf ) = ad × 1− exp −bd ×Vf( )( )+ cd  (Equation 5.12) 
! Smoothing function 3: Krd=35µm (Vf ) = ad × ed ×Vf − dd( )
2
+ bd × ed ×Vf − dd( )+ cd   (Equation 5.13) 
! Smoothing function 4: Krd=35µm (Vf ) =
ad
ed ×Vf + bd( )
cd
+ dd   (Equation 5.14) 
Note that af, bf and cf as well as ad, bd, cd and dd are coefficients of the smoothing functions. 
 
Table 5.6: Coefficients used in the smoothing functions for Kr. 
Kr Function a0 b0 c0 
C2 Function 1 0.327 7.588 0.100 
C4 Function 1 0.184 8.064 0.007 
C8 Function 1 0.060 6.464 0.033 
C16 Function 1 0.053 5.577 0.025 
C32 Function 1 0.053 5.289 0.021 
 
Table 5.7: Coefficients used in the smoothing functions for Krd=35µm. 
Krd= 35 µm Function ad bd cd dd ed 
C2 Function 2 0.079 2.435 0.496 / / 
C4 Function 3 0.051 0.147 0.267 2.066 1.457 
C8 Function 3 3.104 0.105 0.065 0.086 0.155 
C16 Function 4 0.153 1.113 12.859 0.029 0.808 
C32 Function 4 0.087 1.171 5.407 0.014 1.613 
 
 
Examples of the extrapolated results for Kr C2, Krd=35µm C2, Krd C4, and Krd C16 using 
smoothing functions 1, 2, 3 and 4, respectively, are shown in Figure 5.6. 
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Figure 5.6: Extrapolation results for the load transfer coefficients, Kr, C2 (smoothed by function 1), Krd=35 µm, C2 
(smoothed by function 2), Krd=35 µm, C4 (smoothed by function 3), Krd=35 µm, C16 (smoothed by function 4). 
 
 
The Zener model has been used in previous studies [4-9] to analyse the viscoelastic 
deformation behaviour of the polymer matrix in UD carbon-epoxy laminates. However, the 
stiffness tensors for the matrix do not agree with the experimentally determined values. When 
the stiffness properties of the matrix were used in the analysis of a [0] laminate subjected to 
constant tensile loading, Blassiau and colleagues found differences in the number of fibre 
breaks between the experimental and FE analyses (although the trend between the number of 
fibre ruptures and the loading time was similar). Therefore, a ‘reverse engineering’ analysis 
process was performed in this study to determine the stiffness tensors for epoxy resin by 
correlating the number of fibre breaks between the experimental results (determined using AE) 
and the FE2 predictions. From this, the load transfer function (Krγ) due to viscoelastic 
deformation of the polymer matrix was obtained, which is described mathematically by:  
 
 K
r
γ
t( ) = at
i × 1− exp −
t
b
t
i


















i=1
5
∑  (Equation 5.15) 
where t is the loading time, and ati and bti are smoothing coefficients.  
 
C2 
C2 
C4 
C16 
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5.4.3.2. Analysis of the Number of Fibre Breaks  
Micromechanical analysis was performed to study the effect of randomly varying fibre 
contents on the tensile damage and failure of [0] carbon-epoxy laminates. The volume of the 
RVE was dependent on its fibre volume content. Because the element size for the FE2 
modelling of the [0] laminate must correspond to the RVE size, this means that various sizes 
of element had to be used. However, it was difficult to model the UD laminate using different 
element sizes, and so an identical size was used in all cases. Since the RVE size does not 
correlate with the element size, it was necessary to apply a volume factor to the calculated 
number of fibre breaks within a RVE. The volume factor was adjusted to the element size 
according to:  
 
             Volume factor =
0.05× 0.05× 4.0
VolumeRVE Vf( )
 (Equation 5.16) 
 
 
5.5. DESCRIPTION OF FINITE ELEMENT MODEL FOR [0] LAMINATE  
[0] carbon-epoxy laminates (the pultruded and prepreg specimens used in the experimental 
work) loaded in axial tension were analysed using the FE2 model. The dimensions of the FE 
mesh were based on the dimensions of the tensile test specimen, which was 48.0 mm (length) 
x 12.3 mm (width) x 0.9 mm (thickness). All FE elements were C3D8 brick elements with a 
constant size of 0.1 mm x 0.1 mm x 8.0 mm, and therefore a total of 7320 elements was used 
in the full FE2 model (Figure 5.7). The choice of the element size has been validated by the 
mesh convergence study made by Blassiau [4]. Density unit force was applied to the surface 
nodes at the sides A and B of the laminate to induce an axial tensile load. 
 
 
Figure 5.7: FE model of the UD laminate.  
 
 
Side A 
Side B 
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The material properties of the [0] laminate are given in Table 5.8, which was assumed to be 
the representative of the [0] prepreg and [0] pultruded materials. The laminate was assumed to 
be transversely isotropic.  
 
Table 5.8: Material properties of the UD laminate used in FE2 analysis of [0] prepreg and [0] pultruded 
laminates.  
Parameter Value 
E11 149.1 GPa 
E22 = E33 14.0 GPa 
G12 6.2 GPa 
G13 6.2 GPa 
G21 6.2 GPa 
G23 6.8 GPa 
G31 6.2 GPa 
G32 6.8 GPa 
 
 
5.5.1. Definition of Numerical Instability for Multi-scale Mechanical Model of 
Unidirectional Laminates  
The calculation of [0] laminate under increasing tensile loading has a converging calculation 
result throughout the simulation. Figure 5.9 shows the change to tensile stress and cumulative 
density of fibre breaks with increasing tensile strain for the [0] laminate subjected to 
monotonic increasing tensile loading, and the result can be divided into two stages. 
• Stage 1: A quasi-linear increase in tensile stress with respect to tensile strain was 
calculated. At the end of the stage 1, a sharp transition to the slope for the stress-strain 
curve occurred, which is indicative of the onset of numerical instability. In addition, 
the number of iteration for the given calculation increased significantly at the 
transition point. 
• Stage 2: After the transition of the slope, a second quasi-linear curve for stress-strain 
was obtained – i.e. the stage 2. However, the value for the gradient of the stress-strain 
curve decreased significantly.  
 
In this FE study, the transition to the slope for the stress-strain curve can be applied to 
approximate the onset of numerical instability of the calculation. During the stage 1, the 
calculated density of fibre break increased at a rapid rate with increasing tensile strain, which 
is in agreement with the tensile testing result of [0] laminate [4]. Once the FE calculation was 
progressing beyond the numerical instability point (the transition point), the rate of fibre 
damage increased largely, then causing all the remaining fibre filaments in the laminate to 
rupture, and the majority of fibre filaments ruptured in this stage. This means that the process 
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of fibre damage to [0] laminate became unstable when the stage 2 began. In the perspective of 
real carbon-epoxy laminate, the stage 1 corresponds to the actual mechanical behavior of [0] 
laminate under tensile loading-to-rupture however it is unlikely to observe the stage 2 in the 
real test of [0] laminate. The [0] laminate subjected to increasing tensile loading should fail 
before the damage is progressing to the stage 2. Therefore, the numerical instability – the 
transition point of the slope for stress-strain curve – was used as a stopping criterion for the 
calculation to approximate the maximum failure stress of [0] laminate under tensile loading. 
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Figure 5.8: Tensile stress-strain and cumulative density of fibre break curves for [0] laminates subjected to 
monotonic increasing tensile loading. The figure on the left shows the entire material behavior of [0] laminate 
under tensile loading, which has been divided into stages 1 and 2. The figure on the right shows the material 
behavior for the stage 1. The transition point was depicted using yellow round point. 
 
 
5.6. EXPERIMENTAL VALIDATION OF THE FIBRE RUPTURE FE2 MODEL 
The aim of this section is to validate the FE2 model using the experimental results reported in 
Chapters 3 and 4. A comparison study was performed between the measured and calculated 
number of fibre breaks in the [0] laminate under increasing tensile loading. A study was also 
performed comparing the measured and calculated fibre breaks under constant tensile loading 
until final rupture of the laminate. The measured number of fibre breaks was determined 
using AE monitoring of the laminates under increasing or constant tensile loading. 
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5.6.1. Method of Validation Analysis  
5.6.1.1. Tensile Loading of [0] Laminates 
Three [0] carbon-epoxy laminates with different fibre volume contents were analysed under 
increasing tensile loading using the FE2 model. The actual fibre contents of the three 
pultruded laminate (see table 5.1) was simulated in three model laminate specimens.  
 
In addition, a UD laminate with a much lower fibre content was also analysed. The goal of 
this study was to compare fibre damage between the [0] laminates having significant 
differences in their average fibre content. The fibre volume content of the laminate was 
assumed to have Weibull mean and standard deviation values of 0.33 and 0.0363, respectively. 
 
5.6.1.2. Constant Tensile Loading-to-Failure Analysis of [0] Laminates 
[0] laminates with different fibre contents were analysed using the FE2 model for the constant 
tensile loading-to-rupture test case. In order to simulate the experimental test conditions 
(described in section 4.2.3.2), the laminates were loaded at 96% of their average tensile 
failure stress (i.e. 3209 MPa) and then held at this stress level for 24 hours. Analysis was 
performed on three pultruded laminates using their actual fibre contents. The purpose of this 
FE2 analysis was to model the fibre damage and stress rupture failure of [0] laminates under 
constant tensile loading, which was monitored experimentally using AE (section 4.3.2). 
 
A [0] laminate with lower average fibre content (Vf = 0.33) was also analysed under constant 
tensile loading at 96% of the maximum rupture stress (i.e. 1694 MPa) until rupture.  
 
 
5.6.2. Comparison of FEA and Experimental Results 
5.6.2.1. Tensile Loading Analysis of the [0] Laminates 
Figure 5.9 compares the average tensile stress/strain curves for the [0] pultruded laminate 
determined by FE2 modelling and experimental testing, and the agreement is good. The 
tensile properties are compared in Table 5.9, and it is seen that the difference between the 
calculated and measured values for tensile modulus and strength values were less than 1% and 
10%, respectively. Also, the FE2 model predicted scatter to the tensile properties of the three 
laminates when subjected to the identical loading condition. This scatter was due to small 
variations (2.3%) in the fibre content between the pultruded laminates (see Table 5.1). This 
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suggests that the variability to the tensile properties commonly measured in the experimental 
testing of [0] laminates could be due, in part, to slight differences in fibre content between 
specimens. Table 5.9 shows that the variability in tensile modulus was similar for the FE2 
model and experiment, whereas the scatter in the calculated failure stress was higher than the 
measured scatter.  
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Figure 5.9: Stress-strain curves for the [0] pultruded laminate subjected to increasing tensile loading 
determined by experimental testing and FE2 analysis. 
 
 
Table 5.9: Comparison of the tensile properties of the [0] pultruded laminate obtained in experiment and FE2 
analysis. 
 Tensile modulus (GPa) Ultimate tensile stress (MPa) 
 Average Min/Max Average Min/Max 
Experimental results 165.9 -5.8/+4.2 3016.2 -12/+8 
FEA results 161.0 -2.2/+3.7 3343.0 -54/+75 
 
 
When the [0] pultruded laminates were subjected to increasing tensile stress, a rapid rise in 
the number of fibre breaks was found with both the FE2 model and experimental testing 
(using AE monitoring). Figure 5.10 compares the FE2 and experimental results, and the 
initiation of fibre rupture in the experimental test began at ~35% of the failure stress, which 
was earlier than predicted using FE2 (~50% of the failure stress). The breaking of fibres at a 
lower stress in the experimental test suggests that the actual fibre strength at the lower end of 
the Weibull strength distribution curve is less than the theoretical fibre strength used in the 
FE2 modelling (as shown in Figure 5.3).  
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Figure 5.10 also shows that the number of fibre breaks determined from experimental testing 
was higher than the FE2 model over the entire stress range. However, it was found that for the 
FE calculation the density of fibre breaks increased at a rapid rate as the applied tensile stress 
increased, and the fibre damage content at 96% of the rupture stress was measured to be 
similar to the experimental result (~104 and 101 fibre breaks per mm3 for experimental testing 
and FE, respectively). It can be predicted that the actual number of fibre breaks for the [0] 
laminate at final failure should be lower than that calculated by the FE. In overall, the trend of 
increasing number of fibre breaks predicted by the FE was still in agreement with the 
experimental testing although the rate of increasing fibre damage content for the FE was 
calculated to be higher than the actual rate of fibre rupture detected using AE as the tensile 
testing of UD laminate was approaching to the final failure. 
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Figure 5.10: Fibre breakage density curves for the [0] pultruded laminate determined by experiment and FE2 
analysis. The [0] laminate in the experimental test was loaded to 96% of the failure stress. 
 
 
The stochastic behaviour of the fibre rupture events in the [0] pultruded laminate when 
subjected to increasing tensile loading was modelled using FE. The modelling revealed that 
the fibre rupture events occurred randomly throughout the material, and this agrees with the 
stochastic damage process detected experimentally using AE (as shown in Figure 3.11). As 
reported in Chapter 3, the AE events occurred randomly along the gauge length of the 
laminate specimens during tensile testing. Figure 5.11 shows areal maps calculated using the 
FE2 model which indicate where the fibre breaks occurred in the laminate (RVE) at increasing 
levels of tensile stress. It is seen that when the laminate was loaded to 80% of the failure 
stress, the modelling predicted that fibre rupture clusters involving 32 fibre breaks began. The 
density of fibre rupture clusters then increased rapidly with the applied stress. It was found 
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that new fibre rupture clusters tended to form in the vicinity of existing damage clusters when 
the laminate was loaded to 97% of the failure stress, which are shown in the dotted box in 
Figure 5.11. The coalescence of these damage clusters are likely to cause tensile failure of the 
laminate. The analysis also indicates that it was not necessary to have failure of all the fibres 
at each integration point to trigger tensile failure.  
 
A similar analysis was performed on the [0] laminate with a much lower average fibre content 
(Vf  = 0.33). As expected, the model predicted lower tensile properties for the laminate, which 
were 84 GPa for the tensile modulus and 1765 MPa for the failure stress. The FE2 analysis 
revealed that fibre rupture clusters developed in a similar way to the laminate with the higher 
fibre content. Figure 5.12 shows that clustering of fibre ruptures began at about 85% of the 
failure stress and that the density of these clusters increased at a rapid rate as the material 
approached final failure. Unlike the laminates with higher fibre content, the cluster of fibre 
breaks only involved between 9 – 15 filaments. This suggests that [0] laminate with a lower 
value of Vf was easier to rupture, which is expected. 
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Figure 5.11: FE predictions for the development of fibre rupture clusters in the [0] laminate subjected to increasing tensile loading to final failure. The laminate used in the 
FE2 analysis had an average fibre content of 66%. Coalescence of fibre rupture clusters developed prior to final failure, as indicated in the dotted box, where there are more 
than one fibre rupture clusters developing neighbouring to each other.  
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Figure 5.12: FE predictions for the development of fibre rupture clusters in the [0] laminate subjected to increasing tensile loading to final failure. The laminate used in the 
FE2 analysis had an average fibre content of 33%.  !
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5.6.2.2. FE2 Analysis of Constant Loading-to-Rupture of [0] Laminates 
The long-term fibre rupture process in [0] laminates subjected to constant tensile loading was 
analysed using the FE2 model. Figure 5.13 shows that the number of fibre breaks increased 
with loading time at similar rates in both the experiments and FE2 analysis. As discussed in 
Chapter 4, viscoelastic deformation of the polymer matrix reduces the efficiency of the shear-
lag process around fibre breaks. Consequently, higher tensile loading was experienced by the 
neighbouring intact fibres which caused them to progressively fail over time. When the 
number of fibre breaks reached a critical number (or volumetric density) the fibre rupture 
process became increasingly more active which ultimately led to final failure. This increase in 
the calculated number and rate of fibre breaks with increasing loading time agrees well with 
the experimental results.  
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Figure 5.13: Comparison of FE prediction (upper graph) and experimental results (lower graph) for the [0] 
laminate subjected to constant tensile loading until rupture. In the FE2 analysis, three simulations were 
performed using pultruded laminates corresponding to the actual fibre volume properties. In the experiment, six 
[0] pultruded laminates were subjected to constant tensile stress (at 96% of the maximum tensile stress).  
 
 
Comparing the experimental and FE2 results in Figure 5.13, a similar range of time-to-rupture 
values between about 1 and 24 hours were found for the pultruded laminate subjected to the 
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identical stress level. This indicates that the rupture times measured in the experimental tests 
was related to small variations in fibre content between the pultruded laminate specimens. 
Moreover, the FE2 model predicted that a relatively small change in the mean fibre content 
resulted in a large change to the rupture time. Over the narrow range of fibre contents that 
were numerically analysed it was found that the rupture time increased from about 2 hours at 
Vf = 0.6364 to 24 hours at Vf = 0.66. This large increase is attributed to the accumulation rate 
of broken fibre clusters. It was found using the FE2 model that clusters of broken fibres took 
longer to develop when the average fibre content was increased slightly, due presumably to 
the more effective load transfer (shear lag) between individual fibre breaks. This analysis 
explains the cause for the large differences in the experimentally measured rupture times 
(Chapter 4); relatively small differences in the fibre content between pultruded laminate 
specimens translates to large variations in the failure time. From a practical perspective, the 
analysis reveals that maximising the fibre content of the laminate material used in CPVs 
should increase greatly the rupture time under high internal gas pressure conditions.  
 
A range of damage threshold levels (i.e. the total number of fibre breaks at the point of 
structural instability) between 120 and 250 fibre ruptures per mm3 was predicted for the 
pultruded laminates using the FE2 model. This was on average slightly higher than the actual 
measurement using AE monitoring, were the threshold levels varied between 30 to 100 fibre 
ruptures per mm3, and that was almost two-third less than the value of the FE prediction. This 
implies that the [0] laminate in the FE modeling could withstand higher fibre damage content 
at the final failure than the actual [0] laminate. This is possibly because the FE2 model does 
not exactly analyse every aspect of the pultruded laminate (including ignoring the presence of 
defects such as voids). In overall, the agreement is still good. 
 
The FE2 model predicted an active clustering process in the fibre rupture events when the [0] 
pultruded laminates approached final failure under constant tensile loading. Figure 5.14 shows 
that a relatively steady increase in the density of fibre rupture clusters occurred with 
increasing loading time until close to final failure. It was shown using the FE2 model that 
most of the new fibre rupture clusters tended to develop in the vicinity of existing damage 
clusters, which was also predicted under increasing tensile loading. This caused the 
coalescence of the damage clusters into relatively large zones. At the end, the FE2 model 
indicates that final failure of the laminate was likely to initiate at the region where fibre 
rupture clusters had coalesced, as shown in Figure 5.14. This suggests that the formation rate 
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of fibre rupture clusters, which may be detectable using AE, could be an effective parameter 
for assessing the upcoming tensile instability of CPVs.  
 
Figure 5.15 shows that the [0] laminate with a lower fibre volume content (Vf = 0.33) also 
experienced a similar clustering process of fibre breaks under constant tensile loading. 
However, it was found that most of the damage clusters only involved 9 – 15 fibre breakages. 
Similar to the increasing tensile loading case, a smaller number of fibre rupture clusters were 
needed to cause tensile failure of the laminate with a lower fibre content.  
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Figure 5.14: FE predictions for the development of fibre rupture clusters in the [0] pultruded laminate subjected to constant tensile loading to final failure. The laminate used 
in the FE2 analysis had an average fibre content of 66%. Coalescence of fibre rupture clusters developed prior to final failure, as indicated in the dotted box, where there are 
more than one fibre rupture clusters developing neighbouring to each other. 
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Figure 5.15: FE predictions for the development of fibre rupture clusters in the [0] laminate subjected to constant tensile loading to final failure. The [0] laminate had an 
average fibre content of 33%.  !
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5.7. PARAMETRIC INVESTIGATION INTO RANDOM DISTRIBUTIONS OF 
FIBRE STRENGTH AND FIBRE PLACEMENT  
This section presents a FE2 numerical study into the respective effects of random distributions 
in the fibre strength and fibre placement within [0] carbon-epoxy laminates on the fibre 
damage process and tensile properties. Most FE studies assume that the fibres are spaced 
evenly apart in a regular pattern (e.g. cubic, hexagonal) with a uniform failure stress, although 
this does not accurately represent the microstructure of laminates used in CPVs (see for 
example Figure 5.1). In the study presented in this section the local distributions of fibre 
strength and fibre placement were randomly changed in the RVEs of the FE2 model using the 
Monte Carlo method. This created a more accurate representation of the microstructure of 
composite materials in CPVs. The effects of the random fibre strength and random fibre 
placement on fibre damage to [0] laminates when subjected to increasing or constant tensile 
loading were numerically analysed using the FE2 model. 
 
 
5.7.1. Method of Parametric Analysis on Random Distributions of Fibre 
Strength and Fibre Placement 
Two types of UD laminate were modelled under increasing tensile loading and constant 
tensile loading. The fibre content of both laminates was taken to be 56.7%, which was the 
measured content of the prepreg specimen 1 (see Table 5.3). For the Type 1 laminate, the 
fibre strengths in the RVEs were randomly altered using a Monte Carlo simulation while the 
fibre distributions in the RVEs remained unchanged. For the Type 2 laminate, the fibre 
distribution was randomly changed while the fibre strength in the RVEs was constant. Ten 
simulations were conducted for each type of laminate. 
 
 
5.7.2. Result and Discussion for Parametric Analysis into Random 
Distributions of Fibre Strength and Fibre Placement 
Figures 5.16 and 5.17 show that little variation in the maximum tensile stress/strain response 
was predicted for the [0] laminates when the fibre distributions or fibre strength in the RVEs 
were randomly changed. Table 5.10 compares the tensile properties between the Types 1 and 
2 laminates. Since the fibre volume content for the two types of the laminates was the same, it 
is expected that an almost identical tensile modulus was calculated for both types of laminate. 
A very slight reduction to the failure stress – about 0.3% – was calculated between the Types 
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1 and 2 laminates. This difference is considered insignificant in the manufacture of 
composites for CPVs because in practice it is virtually impossible to obtain strength 
properties within an accuracy of 0.3%. Similarly, a very slight reduction to the density of fibre 
breaks at final failure was predicted for the Type 2 laminate. Based on this analysis, the 
randomisation of fibre strength or fibre placement using the Monte Carlo method had a 
similar effect on the tensile properties of UD laminates. 
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Figure 5.16: FE prediction of stress-strain curves for [0] laminates where the distribution of fibre strength was 
randomly varied in the RVEs. The figure presents the FE results of the first five simulations for the laminates 
with different distributions of fibre strength properties. 
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Figure 5.17:FE prediction of stress-strain curves for [0] laminates where the distribution of fibres was 
randomly varied in the RVEs. The figure presents the FE results of the first five simulations for the laminates 
with different distributions of fibre contents. 
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Table 5.10: Average tensile modulus, tensile strength and density of fibre breaks (at final failure) for Types 1 
and 2 laminates. FS and VF represent fibre strength and fibre distribution, respectively. 
 Tensile modulus 
(GPa) 
Tensile strength 
(MPa) 
Density of fibre 
breaks (mm-3) 
Varying FS distribution 
(Type 1) 
127.0 2638.0 170.2 
Varying VF distribution  
(Type 2) 
126.7 2630.0 166.2 
 
 
Figure 5.18 shows the effect of increasing tensile stress on the calculated density of fibre 
breaks for the two types of laminate. Both laminates show an identical trend characterised by 
a rapid rise in the density of fibre breakages when the stress level exceeded ~1500 MPa. This 
indicates that the evolution in the number of fibre breaks is independent of the fibre strength 
or fibre placement arrangements in the [0] laminates.  
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Figure 5.18: FE predictions of cumulative density of fibre breaks with increasing applied tensile stress for the 
Types 1 and 2 laminates.  
 
 
For long-term tensile performance, different time-to-ruptures were calculated for the [0] 
laminates subjected to identical constant tensile stress. As shown in Figure 5.19, the average 
time-to-rupture for the Type 2 laminate was ~20% lower than the Type 1 laminate. This 
indicates that the variation in the local distributions of fibre placement can be more 
detrimental to the long-term (creep) rupture time than a wide variability in fibre strength. 
Presumably this is because the efficiency of the shear lag process is diminished in regions 
where the fibre content is low, which causes a faster rate of fibre ruptures. 
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Figure 5.19: Bar results for the average, minimum, and maximum values of time-to-rupture for the Types 1 and 
2 laminates subjected to constant tensile loading. The square and triangular points indicate the average value of 
time-to-rupture and the error bar shows the range of the time-to-rupture results.  
 
 
Table 5.11 compares the density of fibre breaks at final failure for the two types of laminate. 
As expected, a 8% reduction to the value of volumetric fibre damage at final rupture was 
predicted for the Type 2 laminate compared to Type 1 laminate. This indicates that the change 
in the distribution of fibre has a more adverse effect on the long-term tensile performance of 
laminates used in CPV.  
 
Table 5.11: Average of the maximum density of fibre breaks for Types 1 and 2 laminates. 
 Density of fibre breaks (mm-3) 
Varying FS distribution (Type 1) 168.8 
Varying VF distribution (Type 2) 155.6 
 
 
5.8. PARAMETRIC INVESTIGATION ON WEIBULL Vf FUNCTION  
The fibre volume content within a [0] laminate is described using the two-parameter Weibull 
distribution, as discussed in Section 5.2. A parametric FE2 analysis was performed to 
investigate the effect of the Weibull Vf parameters on the tensile performance of laminates. 
The Weibull values were varied slightly around the mean fibre content (Vf = 0.567) and 
standard deviation of the fibre content (σ = 0.112) that was measured experimentally from 
optical micrographs of the prepreg laminate (Table 5.1). Since the laminates used in CPVs 
have variable mean and standard deviation in their fibre content (see section 5.2), this is the 
first FE study into the effect of variable fibre volume content on fibre damage to the tensile 
performance of [0] laminates. This analysis can provide useful information for the 
optimisation analysis of CPVs in terms of their fibre content.  
Type 1 
Type 2 
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5.8.1. Method of Parametric Analysis on Weibull Vf Function 
[0] prepreg laminates were modelled for the increasing tensile loading and constant tensile 
loading cases. Ten simulations were conducted for each type of UD laminate where the 
Weibull distribution for fibre content was randomly altered using the Monte Carlo simulation.  
 
5.8.1.1. Varying Standard Deviation Value of Weibull Vf Function  
The range of fibre volume contents was defined by the standard deviation of the Weibull Vf 
function. Three types of [0] laminates with different standard deviation values for the same 
average fibre content were modelled, as detailed in Table 5.12. Figure 5.20 shows that an 
increase to the standard deviation value widens considerably the range of fibre contents in the 
laminate. 
 
Table 5.12: Statistical parameters for the fibre volume content for the FE2 analysis of varying standard 
deviation value. The σ2 corresponds to the fibre volume content for the prepreg specimen 1 presented in Table 
5.1. 
 Mean, µ  Standard deviation, σ  
σ1 0.567 0.061 
σ2 0.567 0.112 
σ3 0.567 0.155 
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Figure 5.20: Cumulative probability distributions of fibre volume content for three types of [0] prepreg laminate 
with different standard deviation values but the same mean value (µ = 0.567). 
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5.8.1.2. Varying Mean Value of Weibull Vf Function  
The amount of fibres within the laminate was defined by the mean value to the Weibull Vf 
function. Three types of laminate with different mean values for the fibre content were 
modelled (applying a constant standard deviation value), as presented in Table 5.13. Figure 
5.21 shows the cumulative distribution curves for the three fibre volume contents that were 
numerically analysed using the FE2 model.  
 
Table 5.13: Statistical parameters for the fibre volume content for the FE2 analysis of varying mean value. The 
µ2 corresponds to the fibre volume content for the prepreg specimen 1, presented in Table 5.1. 
 Mean, µ  Standard deviation, σ  
µ1 0.547 0.112 
µ2 0.567 0.112 
µ3 0.587 0.112 
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Figure 5.21: Cumulative probability distributions of fibre volume content for three types of [0] laminate with 
different mean values but the same standard deviation value (σ = 0.112). 
 
 
5.8.2. Result and Discussion for Parametric Analysis of Weibull Vf Function 
5.8.2.1. Effect of Standard Deviation Value of Weibull Vf Function  
Table 5.14 compares the calculated tensile properties for the three types of [0] laminate where 
the standard deviation value to the fibre content were different (but the mean fibre content 
was the same). An almost identical tensile modulus and strength was calculated for the three 
materials using the FE2 model. This reveals that the variability in fibre content (over the range 
studied) does not have significant effect on the tensile properties.   
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Table 5.14: Calculated tensile properties for three types of [0] laminate with different standard deviation values 
of fibre volume content. The mean Vf is 0.567. 
 Tensile modulus (GPa) Ultimate tensile stress (MPa) 
Standard deviation = 0.061 126.8 2634.0 
Standard deviation = 0.112 126.7 2630.0 
Standard deviation = 0.155 127.0 2626.0 
 
 
It was also predicted using the FE2 model that the average density of fibre breaks at final 
failure decreased with an increase in the variability to the fibre content. Table 5.15 shows that 
the critical density of fibre breaks at tensile failure decreased by 14% when the standard 
deviation value increased from 0.0612 to 0.1549. This suggests that the fibre damage level for 
the laminates is dependent on the variability in fibre volume content, even though the tensile 
modulus and strength are predicted to be virtually the same.  
 
Table 5.15: Average density of fibre breaks at tensile rupture for three [0] laminates with different standard 
deviation values of fibre volume content. The mean Vf is 0.567. 
 Density of fibre breaks (mm-3) 
Standard deviation = 0.061 182.4 
Standard deviation = 0.112 166.2 
Standard deviation = 0.155 156.8 
 
 
Figure 5.22 shows that an identical evolution in the density of fibre ruptures with increasing 
tensile stress was predicted for the three [0] laminates. The fibre rupture process for all the 
laminates increased rapidly when the applied tensile stress rose above ~2000 MPa. This 
indicates that the variability in fibre content does not influence significantly the formation rate 
of broken fibres, although it does affect slightly the critical density of damaged fibres required 
to induce final failure. This indicates that the variability in fibre content was not the cause of 
different cumulative fibre rupture curves with respect to applied tensile stress which are 
measured in the tensile testing of [0] laminates (as reported in chapter 3). 
 
Figure 5.23 shows the range of rupture times for the three [0] laminates when subjected to a 
constant tensile stress. The laminates were loaded at a constant stress (96% of the failure 
stress) using the FE2 model, and the time to tensile failure was calculated. The lowest average 
rupture time value was predicted for the laminate having a widest range of fibre contents 
(standard deviation = 0.1549). This implies that the long-term tensile performance of 
laminates will be degraded when the variability in fibre content increases.  
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Figure 5.22: FE prediction of fibre break density-tensile stress for three laminates with different standard 
deviation values of fibre volume content: σ = 0.061, σ = 0.112 and σ = 0.155. The mean Vf is 0.567. 
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Figure 5.23: Bar results for the average, minimum and maximum values of time-to-rupture for three [0] 
laminates subjected to constant tensile loading by FE2 prediction. The square, circular and triangular points 
indicate the average value of time-to-rupture and the error bar shows the range of the time-to-rupture results.  
These laminates contain different standard deviation values for the fibre content but the same mean Vf value of 
0.567. 
 
 
Table 5.16 compares the density of fibre breaks at final rupture for the three types of laminate. 
A 11% increase in the fibre rupture density was predicted when the range of fibre contents 
was narrowed from between 20% and 90% of Vf (standard deviation value = 0.155) to 
between 40% and 65% of Vf (standard deviation value = 0.061), and this trend agrees with the 
calculated time-to-rupture results. This analysis suggests that minimising the variability in the 
fibre content of CPVs during the filament winding process should increase the damage 
threshold level of the cylinders and consequently increase the operating life at high gas 
storage pressures.  
 
 
 
σ1=0.061 
σ2=0.112 
σ3=0.155 
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Table 5.16: Average of density of fibre breaks at tensile rupture for three types of [0] laminate with different 
standard deviation values of fibre volume content. The mean Vf is 0.567. 
 Density of fibre breaks (mm-3) 
Standard deviation =0.0612 161.8 
Standard deviation =0.1115 155.6 
Standard deviation =0.1549 145.4 
 
 
This FE2 analysis can be extended to estimate the tensile properties of the [0] laminate having 
the fibres spaced evenly apart in a regular pattern, which are commonly assumed in the FE 
analysis of composite materials. From the standard deviation analysis, this type of laminate 
(its standard deviation value approaches 0) should have the highest density of fibre breaks 
required to cause final failure, consequently yielding the longest creep rupture time. This 
suggests that analysing laminates assuming a constant fibre content (assuming no variability) 
would greatly overestimate the rupture life of CPVs at high pressure.  
 
 
5.8.2.2. Effect of Mean Value of Weibull Vf Function  
[0] laminates with different values for the average fibre content were analysed using the FE2 
model. The fibre content of the prepreg UD laminate was measured to be about 0.567 (section 
5.2). Therefore, FE2 analysis was performed on three types of laminate with fibre contents 
similar to this value. Figure 5.24 shows the calculated increase in the density of fibre breaks 
for the laminates subjected to increasing tensile stress. Unlike the [0] laminates where the 
range of fibre contents was changed (Figure 5.22), Figure 5.24 shows that number of fibre 
breaks was dependent on the mean fibre content. Table 5.17 shows that the density of fibre 
breaks at final failure increased with the fibre content. It is believed this is due, in part, to the 
higher fibre content increasing the tensile failure stress, and therefore more fibres were broken 
before final failure. This analysis implies that the damage threshold to induce tensile failure of 
laminates used in CPVs can be increased by maximising the fibre volume content as well as 
by minimising the variability in fibre content.  
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Figure 5.24: FE prediction of cumulative fibre breakage density-tensile stress curves for [0] laminates with 
different mean values of fibre volume content: µ=0.547, µ=0.567 and µ=0.587. The standard deviation to the 
fibre content was constant at 0.112. 
 
 
Table 5.17: Average  density of fibre breaks at tensile rupture for [0] laminates with different mean values of 
fibre content. The standard deviation to the fibre content was constant at 0.112. 
 Density of fibre breakage (mm-3) 
Mean = 0.547 161.6 
Mean = 0.567 166.2 
Mean = 0.587 179.8 
 
 
Table 5.18 shows that the time-to-rupture for the [0] laminates was predicted to drop by 
several orders of magnitude when the mean fibre content was reduced by only 4% (from 
0.587 to 0.547). As discussed, the FE2 modelling reveals that the clustering process for broken 
fibres develops at lower stresses when the fibre content of the laminate was reduced. 
Furthermore, the critical density of fibre breaks to cause tensile failure decreased with the 
average fibre content of the laminate. Compared to the effect of Weibull standard deviation 
values, it appears that the change to the mean fibre content is more dominant in affecting the 
long-term tensile performance of the laminate under constant tensile loading. Nevertheless, 
changes to both the average and standard deviation of the fibre content for the carbon-epoxy 
laminates used in CPVs should be considered in the optimisation of their design and 
manufacturing. 
 
Table 5.18: Average of time-to-rupture and density of fibre breaks at tensile failure for [0] laminates with 
different mean values of fibre volume content subjected to constant tensile stress at 96% of σmax. The standard 
deviation of the fibre content was constant at 0.112. 
 Time-to-rupture (sec) Density of fibre breaks (mm-3) 
Mean = 0.547 2914 151.4 
Mean = 0.567 18022 155.6 
Mean = 0.587 145321 169.3 
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5.9. APPLICATION OF THE FE2 MODEL: PROBABILITY ANALYSIS ON LONG-
TERM TENSILE PERFORMANCE OF LAMINATES 
The goal of this study is to conduct a FE2-based probability analysis into the long-term tensile 
performance of [0] laminates when their tensile properties are changed due to the random 
variations in both fibre strength and fibre content. This numerical analysis can be applied to 
determine the design safety factor which considers the effect of these stochastic material 
properties on CPVs. Currently the safety factors used in the structural design of CPVs are 
high due (in part) to uncertainties about the mechanical properties and long-term performance 
of the composite material, and the analysis presented here can remove some of this 
uncertainty to determine safety factors based on modelling and testing data.  
 
 
5.9.1. Method of Probability Analysis on Long-term Tensile Performance of 
Laminates 
One type of [0] carbon-epoxy laminate subjected to constant tensile loading-to-rupture was 
analysed using the FE2 model. The laminate was loaded to six constant stress levels: 89%, 
90%, 91%, 92%, 94% and 96% of the maximum failure stress. For each stress level, 25 FE2 
simulations were conducted where the local distributions of fibre strength and fibre placement 
in the RVEs were both randomly altered while the mean and standard deviation values to both 
fibre strength and the fibre content within the laminates remained unchanged. The fibre 
content and its variability used in this section corresponded to that of the prepreg specimen 1 
(see Table 5.3). 
 
 
5.9.2. Results and Discussion of Probability Analysis 
When the local distributions of the fibre strength and fibre content in the RVEs were 
randomly changed using Monte Carlo simulation there were large variations in the calculated 
time-to-rupture values. Table 5.19 shows that the maximum time-to-rupture was estimated to 
be 1.5 – 2 times longer than the minimum time-to-rupture for the different stress levels. This 
indicates that it is important to take into account material variability due to random 
distributions in fibre strength and fibre content on the tensile rupture of laminates used in 
CPVs. 
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Table 5.19: The minimum, maximum and average time-to-rupture values for [0] laminates when the fibre 
strength and fibre volume content were varied. Six stress levels were analysed between 89% and 96% of the 
ultimate failure stress. 
 Minimum (hour) Maximum (hour) Average (hour) 
89% of σmax 360.7 674.4 520.1 
90% of σmax 220.6 325.6 278.4 
91% of σmax 121.4 193.4 161.5 
92% of σmax 47.2 103.5 79.6 
94% of σmax 11.1 22.8 17.2 
96% of σmax 4.1 7.4 5.6 
 
 
Figure 5.25 shows that the time-to-rupture results for each stress level showed a Weibull 
distribution. Equations 5.17 (two-parameter Weibull function) and 5.18 (three-parameter 
Weibull function) were used to curve-fit the time-to-rupture results for the different stress 
levels: 
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 (Equation 5.18) 
Where  PF(t)  represents cumulative probability for the given time, t represents time-to-rupture 
in second, tcoef represents scale parameter, mt represents first shape parameter (m >0), and αt 
represents second shape parameter (α >0). 
 
The resultant Weibull coefficients are given in Table 5.20. Based on the cumulative failure 
probability function, it is possible to calculate the rupture life of laminates for any given 
failure probability. 
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Figure 5.25: FE2 predictions of cumulative failure probability for the [0] laminate subjected to constant tensile 
loading with respect to time-to-rupture. Six different stress levels were analysed between 89% and 96% of the 
ultimate failure stress. 
 
 
Table 5.20: Coefficients used in the smoothing analysis (Weibull function) for curve-fitting the time-to-rupture 
results for different constant tensile loading cases. 
 Time length for 
normalisation 
Equation 
used 
tcoef mt α t 
89% of σmax 10
6 sec Eq 5.18 1.426 2.822 5.005 
90% of σmax 10
6 sec Eq 5.18 1.087 13.916 0.580 
91% of σmax 10
5 sec Eq 5.18 6.346 14.876 0.535 
92% of σmax 10
5 sec Eq 5.17 3.093 6.188 - 
94% of σmax 10
4 sec Eq 5.17 6.654 4.794 - 
96% of σmax 10
4 sec Eq 5.17 2.122 6.231 - 
 
89% of σmax 
90% of σmax 
91% of σmax 
92% of σmax 
94% of σmax 
96% of σmax 
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Based on the calculated time-to-rupture values, this data can be used to predict an appropriate 
factor-of-safety for laminates for a defined failure probability. In this study, the safety factor 
was determined for [0] laminates that were able to achieve a life-time of 20 years under 
continuous constant tensile loading with a failure probability of one-in-one million (i.e. 10-6).  
 
The process used to determine the safety factor is as follows: 
! First, calculate the time-to-rupture corresponding to the failure probability of 10-6 for each 
of the stress levels. The calculated rupture time values are presented in Table 5.21. 
! Perform an extrapolation analysis on the calculated time-to-rupture values with respect to 
the working stress levels of the laminate, as shown in Figure 5.26. 
! Determine the extrapolated function which determines the time-to-rupture for the laminate 
as a function of tensile stress for a defined failure probability.  
! Finally, determine the corresponding tensile stress level for achieving the design life-time 
(time-to-rupture) of 20 years by using the extrapolated function determined in the 
previous step. 
 
 
Table 5.21: FE prediction of life-time for [0] laminate loaded at different constant stress levels with the failure 
probability of 10-6. 
 Feasible life-time (sec/hour) 
89% of σmax 542246 /150.6 
90% of σmax 196440/54.6 
91% of σmax 111729/31.0 
92% of σmax 33165/9.2 
94% of σmax 3729/1.0 
96% of σmax 2312/0.6 
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Figure 5.26: FE predictions of the maximum life-time for the [0] laminate as a function of tensile stress level. 
The failure rate of 10-6 was considered in the analysis. The same FE prediction curve is presented on a different 
scale of rupture time where LHS is in hour and RHS is in year.  
 
 
Stress level threshold 
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It is shown in Figure 5.26 that the maximum life-time for a [0] laminate subjected to constant 
tensile loading increases rapidly when the applied stress is reduced. From this curve, it was 
estimated that the laminate could achieve a minimum life-time of 20 years when subjected to 
constant tensile loading below ~80% of the maximum failure stress. This then suggests that in 
order to counteract the effect of stochastic fibre properties, a factor-of-safety of 1.25 
(calculated using Equation 5.19) is needed to achieve a life-time of 20 years with the failure 
probability of 10-6.  
 
      FoS = σ S
σ D
    (Equation 5.19) 
Where FoS represents factor-of-safety, σs represents the failure stress of the structure, and σD 
represents the design stress for the structure. 
 
This safety factor analysis based on the FE2 model can also be applied to the design and 
optimisation of CPVs. As discussed in the literature review (Chapter 2), the design of CPVs 
involves the use of a high factor of safety (typically in the range of 2.4 to 3.5). This analysis 
shows a new methodology to assess the safety factor for CPVs which takes into account the 
effect of typical variations in the fibre content and fibre strength in the cylinders.  
 
 
5.10. SUMMARY 
The fibre rupture process in unidirectional carbon-epoxy laminates that are representative of 
the material used in CPVs was successfully analysed using the multi-scale FE2 model. The 
properties of fibre strength and fibre content were determined experimentally, and using this 
data a Monte Carlo algorithm was applied to assign these properties in a random way to the 
FE2 model of [0] laminates. In this way, the random distributions in fibre strength and fibre 
content that typically occur in carbon-epoxy laminates could be modelled to understand their 
effects on the tensile failure of CPVs.  
 
FE2 analysis showed that stochastic behaviour in the fibre rupture process occurred under 
both increasing or constant tensile loading, and this agrees with the random fibre failure 
events measured experimentally using AE monitoring. However, it was found that the fibre 
rupture events for the [0] laminates detected using AE began at lower stresses than predicted 
with the FE2 model. This discrepancy may be due to the experimental laminates have a higher 
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variability or lower average fibre strength than the modelled laminate. For constant loading-
to-rupture tests, a similar range of rupture times (1–24 hours) was determined in the 
experiments and FE2 simulations.  
 
FE predicted that the number of fibre rupture clusters (involving 32 fibre breaks) increased 
rapidly when the laminate was loaded close to the tensile failure stress. It was found that new 
damage clusters tended to develop in the vicinity of existing damage clusters just before final 
failure. The FE2 analysis also revealed that it was not necessary for all the fibres to break at 
each integration point to induce final failure.  
 
A parametric analysis on the effect of varying the random distributions in fibre strength and 
fibre placements in the RVEs on tensile properties of UD laminate was performed. Two types 
of UD laminates were modelled and compared under increasing or constant tensile loading, 
where the local distributions of fibre strength and fibre placement were altered in the Types 1 
and 2 laminates, respectively. It was found that almost identical tensile modulus and failure 
stress were predicted for the Types 1 and 2 laminates. However, a 20% reduction to the 
average time-to-rupture was predicted for the Type 2 laminates compared to the Type 1 
laminate. This reveals that the random distribution of fibres through the laminate could 
adversely affect the long-term tensile creep performance of the carbon-epoxy materials used 
in CPVs.  
 
Parametric FE analysis was performed on the effects of Weibull mean and standard deviation 
values of fibre content on the tensile properties of [0] laminates. First, laminates with different 
standard deviation values (but the same mean value for the fibre content) were modelled for 
the increasing or constant tensile loading cases. It was found that the variation in the range of 
fibre contents did not significantly change the tensile modulus and failure stress. However, a 
20% reduction to the average rupture time was predicted when the range of fibre contents was 
widened from between 0.4 – 0.65 to between 0.2 – 0.9.  
 
Different mean fibre contents (but with an identical standard deviation value) were analysed 
using the FE2 model for laminates under the increasing or constant tensile loading cases. It 
was predicted that both the tensile modulus and failure stress would be increased by about 7% 
when the mean fibre volume content was increased by 4% (from Vf = 0.547 to 0.587). This 
shows that the mean fibre content has a larger effect on the tensile properties than the 
variability in fibre content over the ranges analysed in this study. Due to the increase in the 
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maximum tensile stress, the average time-to-rupture of the laminate increased by several 
orders of magnitude when the mean fibre content was increased by a relatively small amount 
(4%). This indicates that it is necessary to examine the mean and variation of the fibre content 
in CPVs for life-time analysis.  
 
The effect of varying the distributions of both fibre strength and fibre content in laminates 
was also modelled. A sample of 25 simulations with different distributions in these fibre 
properties was subjected to constant loading at different stress levels. It was predicted that the 
maximum time-to-rupture at each of the stress levels was 1.5 – 2 times higher than the 
minimum rupture time. These rupture time results were characterised using a probability 
approach, and from this the maximum life-time of the [0] laminate with a given failure 
probability can be determined as a function of the applied stress level.  
 
A safety factor analysis accounting for the effects of random distributions in the fibre strength 
and fibre content was performed. Using the maximum life-time function, it was possible to 
determine the appropriate safety factor for laminates with a given failure probability and 
design life-time. Currently a high safety factor is applied to the design of CPVs due (in part) 
to uncertainties about the quality and consistency of the composite material. This study 
presents a new methodology which may reduce the safety factor by assessing the effects of 
stochastic fibre strength and fibre volume properties on the tensile properties of the vessel.   
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ABSTRACT 
The monitoring of damage in composite pressure vessels (Types 3 and 4 cylinders) using 
acoustic emission (AE) is studied in this chapter. The Type 3 cylinder consisted of an 
aluminium liner overwrapped with a structural carbon fibre-epoxy skin and an outer 
protective fibreglass coating. The Type 4 cylinder had a plastic liner covered with a carbon 
fibre-epoxy skin. AE was used to detect damage in these two CPVs under increasing internal 
pressure loading up to about 50% of their rupture stress. AE was also used to monitor the 
CPVs under constant pressure loading (50% of the rupture stress) for 24 hours as well as 
under cyclic pressure loading which involved repeated pressurisation and depressurisation up 
to 15,000 cycles. 
 
The testing revealed that similar AE properties were measured for the CPVs and the [0] 
carbon-epoxy laminates (as reported in Chapters 3 and 4), including the same symmetric hit-
frequency distribution and AE duration-energy results. Also, the rise in the number of AE hits 
for the CPVs under constant pressure loading with increasing loading time was similar to that 
for the [0] laminate. This is because fibre rupture in CPVs is the same to that in the [0] 
laminate. The hypothesis that a [0] laminate under unidirectional tensile loading can be used 
as a simplified material system to replicate the fibre failure process in CPVs (as proposed in 
Chapters 4 and 5) is validated in this study.  
 
Comparing the AE properties between the Types 3 and 4 cylinders, it was found that a greater 
number of high duration, low frequency AE hits were detected for the Type 3 cylinder. This 
type of AE noise is usually caused by medium-to-large damage, possibly involving matrix 
cracking.  
 
The structural health monitoring with AE of CPVs using a constant pressure test was 
successful in identifying the likelihood of upcoming tensile failure of the cylinder. It was 
found that the total number of AE hits decreased at a log-linear rate with increasing number of 
pressure loading cycles. When the total number of AE hits increased significantly it deviated 
from the log-linear trend, and this can be used as a predictive indicator that the cylinder is 
close to failure. This is the first study to show that the trend of log-linearity in the number of 
AE hits with respect to the number of pressure cycles can be used as a SHM criterion for 
evaluating the structural integrity of CPVs. Therefore, this chapter concludes that AE can be 
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used for the SHM of CPVs and can detect when the vessel wall is approaching final 
catastrophic failure.  
 
 
6.1. INTRODUCTION 
The strength of composite pressure vessels is mainly controlled by the reinforcing fibres, 
which are placed on a geodesic path along the cylinder wall. When the cylinder is pressurised 
these fibres are subjected to biaxial tensile loading (i.e. hoop stress and axial stress). Scott et 
al. [1] identified different types of damage in a pressurised CPV using high-resolution X-ray 
computed tomography, including fibre rupture, intralaminar matrix cracking, interlaminar 
matrix cracking, and delamination. Despite these multiple damage mechanisms, fibre rupture 
is the critical damage process that determines the structural integrity and rupture stress of the 
vessel.  
 
As reported in Chapter 3, an AE technique capable of discriminating between different types 
of damage (e.g. fibre breakage, matrix cracking, fibre/matrix debonding) is dependent on the 
type laminate. A discrimination technique that works for a unidirectional laminate may not 
work in the same way for a cross-ply laminate. It was concluded that there is no single 
damage discrimination method that can be applied to all types of composites. This means that 
the damage discrimination technique for a given type of laminate must be tailored specifically 
to that material. Therefore, it can be difficult to accurately identify different types of damage 
in a CPV when multiple damage processes occur concurrently during pressurisation. Thus, 
this PhD study does not focus on the identification of individual types of damage in CPVs 
using AE. Instead, the global development of acoustic noises emitted by cylinders is 
investigated in this study, with no regard given to the type of damage that generated the noise. 
This is a simple approach that has not yet been examined for CPVs.  
 
Two types of carbon-epoxy pressure vessels were investigated in this study under increasing 
pressure testing and constant pressure testing. The CPVs were a 3-litre Type 3 cylinder with 
an aluminium liner and a 6-litre Type 4 cylinder with a polyamide liner. AE was used to 
monitor damage events in the CPVs under the following pressure test conditions: (i) 
increasing pressurisation to 50% of the rupture stress, (ii) constant pressurisation at 50% of 
the rupture stress for a period of 24 hours, and (iii) cyclic pressurisation/depressurisation for 
15,000 cycles. 
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A comparison study into the differences in the AE properties of the carbon-epoxy pressure 
vessels and the [0] carbon-epoxy laminates was also performed. The objective of this study 
was to verify the hypothesis proposed in Chapters 4 and 5 that a [0] carbon-epoxy laminate 
can be used as a simplified material system to replicate the fibre rupture process in CPVs.  
 
Following this study, a structural health monitoring analysis of the CPVs using acoustic 
emission monitoring is investigated. The structural integrity of the CPVs was assessed 
periodically using AE in a constant pressure test. This approach has been reported in the study 
of Bunsell et al. [2], and a damage threshold level was used to evaluate the structural integrity 
of the cylinder by comparing the damage threshold against the total number of AE hits 
detected for the cylinder. However, identifying the damage threshold level involves a large 
amount of experimental testing and validation work on CPVs. Therefore, the objective of this 
study is to investigate an alternative way to evaluate the structural integrity of CPVs which is 
easier than using the damage threshold technique. In the study the Types 3 and 4 cylinders 
were subjected to 15000 pressure cycles, which is roughly equivalent to the total pressure 
cycles of a CPV on road vehicles for 15 years of service, and periodic constant pressure tests 
were performed. 
 
 
6.2. RESEARCH METHODOLOGY 
6.2.1. Composite Pressure Vessels 
Two types of composite pressure vessels (Types 3 and 4 cylinders) used on road vehicles 
were supplied by AIR LIQUIDE, France (Figure 6.1). The cylinders were manufactured using 
high-strength carbon fibres with epoxy resin applied with the filament-winding technique, 
producing a composite wall thickness of 4.65 and 6.15 mm for the Types 3 and 4 cylinders, 
respectively. The dimensions of the cylinders were 33.2 cm in length and 11.6 cm in diameter 
for the Type 3 cylinder (three-litre tank) and 51.0 cm in length and 15.6 cm in diameter for 
the Type 4 cylinder (six-litre tank).  
 
There were several important differences between the two types of cylinder that may affect 
their AE properties. The Type 3 cylinder contained an aluminium liner and was protected with 
an outer glass-fibre composite skin (which is not a structural component) for impact 
resistance whereas the Type 4 cylinder was fabricated using a polyamide liner without an 
impact protection layer. The Type 3 cylinder had been previously subjected to a proof 
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pressure test at 45 MPa (450 bars) whereas the Type 4 cylinder had not been tested. Both 
cylinders were designed for a service pressure of 30 MPa (300 bars), an ultimate rupture 
pressure of 110 MPa (1100 bars), and a service life-time of 20 years.  
 
!
!
!
The Type 3 cylinder 
The Type 4 cylinder  !
0"" 50"mm""25"
!
!
!
The Type 3 cylinder 
The Type 4 cylinder  !
0"" 40"mm""20"
 
Figure 6.1: The 3-litre Type 3 and 6-litre Type 4 composite pressure vessels. 
 
 
6.2.2. Acoustic Emission Monitoring of CPVs 
The acoustic emission system used to monitor the CPVs was described in Chapter 3 (section 
3.2.2). Due to the high acoustic attenuation of the CPVs, the threshold level of AE detection 
was set at 35 dB so as to maximise the detection sensitivity for damage. The acquisition 
parameters for the AE analysis are given in Table 6.1. 
 
Table 6.1: AE acquisition parameters when testing the CPVs.  
Amplitude threshold 35 dB 
Peak definition time 50 µsec 
Hit definition time 100 µsec 
Hit lockout time 2000 µsec 
Band-pass filter 100 – 1000 kHz 
Sampling rate 1 Msamples/sec 
Hit length  1 kilo-samples 
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The location of the AE sources was determined using two piezoelectric transducers positioned 
100 mm apart at the centre of the CPV and aligned with the longitudinal axis of the vessel, as 
shown in Figure 6.2. However, the use of two AE transducers can not detect the total number 
of AE events due to the high signal attenuation of the cylinder wall. Since the objective of this 
chapter is on the characterisation of damage in CPVs rather than quantifying all the damage 
events, the effect of “losing” AE hits due to signal attenuation was not taken into account. The 
two types of AE transducers used were R15 and µ80 sensors.  
 
 
Figure 6.2: The setup for AE transducers on the Type 3 cylinder. Two types of AE transducers (i.e. R15 and µ80 
sensors) were used in the signal attenuation analysis however only µ80 sensors were applied in the experimental 
testing of CPVs.  
 
 
6.2.3. Increasing Pressure Test and Constant Pressure Test of CPVs 
The AE properties of damage for the Types 3 and 4 vessels were studied using an increasing 
pressure test and constant pressure test. This involved pressurising the vessels to 60 MPa 
(equivalent to 55% of the burst pressure) at a monotonic increasing rate of 1 MPa/min and 
then holding the peak pressure for a period of 24 hours. A pressure level that was over 50% of 
the burst pressure was applied because acoustic emission monitoring revealed that fibre 
ruptures did not occur at lower stress levels. Pressure testing of the vessels involved using a 
hydrostatic testing system (Type 13770000) manufactured by Top Industries S.A., as shown 
in Figure 6.3. Acoustic emissions from the CPVs were recorded throughout the testing period. 
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Figure 6.3: Hydrostatic machine used for pressurising the composite vessels. 
 
 
6.2.4. Cyclic Pressure Test of CPVs 
After the constant pressure test, the Types 3 and 4 vessels were subjected to a long period of 
cyclic pressurisation which was designed to simulate the operation of CPVs on road vehicles 
for a service period of about 15 years. During the cyclic pressurisation, constant pressure tests 
were applied periodically to assess the cylinders using AE. The objective of this study is to 
investigate the means of analysing the damage condition of CPVs caused by cyclic pressure 
loading using AE. This analysis involved cyclic loading the two cylinders to the peak pressure 
of 60 MPa and minimum pressure of 6 MPa at the frequency of 0.017 Hz (i.e. one pressure 
cycle every 60 seconds). Five cyclic pressure tests were conducted on the CPVs at 0, 100, 
1000, 5000 and 15000 cycles, with 15000 cycles being approximately equivalent to the total 
number of pressure cycles experienced by a CPV on a compressed-natural-gas bus over 15 
years of service. After each interval of cyclic pressure loading, the vessel was held at the peak 
pressure of 60 MPa for a period of 24 hours. The acoustic noises caused by damage during 
this period of constant pressure were continuously recorded.  
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6.3. RESULTS AND DISCUSSION 
6.3.1. Characterisation of AE Properties of CPVs Subjected to Increasing 
Pressure 
The Types 3 and 4 cylinders showed different rates of AE hits when subjected to increasing 
internal pressure up to the peak stress of 60 MPa, as shown in Figure 6.4. The Type 3 cylinder 
had been previously proof tested to 45 MPa, and therefore the acoustic emissions from this 
vessel did not begin until the applied pressure approached the prior proof pressure level. As 
the internal pressure rose above 45 MPa, there was a rapid rise in the number of AE hits up to 
the peak pressure level. Similar behaviour to this was observed for the [0] carbon/epoxy 
laminate during cyclic tensile loading. Figure 6.5 shows that the initiation of AE hits for the 
UD laminate in the initial phase of the cyclic loading was detected at about 3% prior to the 
peak stress level. This is because damage is irreversible in the UD laminate/CPV, and new 
damage events only occur when the previously applied stress level is exceeded. When the UD 
laminate having been subjected to a significant amount of cyclic loading was loaded to a 
higher tensile stress, a rapid rise in the number of AE hits was detected, as shown in Figure 
4.13, and this agrees with the behaviour for the Type 3 vessel. This indicates that the [0] 
carbon-epoxy laminate and CPVs exhibit similar damage behaviour and acoustic responses.  
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Figure 6.4: Cumulative number of AE hits for the Types 3 and 4 cylinders under increasing pressure. The Type 3 
cylinder had been previously proof tested to 45 MPa. 
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Figure 6.5: Detection of AE hits during the second to the sixth cycles for the UD laminate subjected to cyclic 
tensile loading to the peak stress of 50% of the maximum failure stress. The shaded regions indicate the stress 
ranges over which AE hits were detected. 
 
 
Acoustic emissions from the Type 4 cylinder were first detected at a relatively low pressure 
(only 12% of the rupture pressure) and the total number of AE hits increased at a quasi-steady 
rate with increasing pressure, as shown in Figure 6.4. This is different to the damage 
development in the [0] carbon-epoxy laminate under increasing tensile loading, even though 
the fibre rupture process in the laminate is analogous to that in the CPV. The acoustic 
emissions in the laminate began at ~40% of the ultimate stress, as shown in Figure 6.6. It is 
found that the number of AE hits with increasing pressure/tensile loading developed in the 
CPVs in a similar way to the cross-ply laminates (which is reported in Chapter 3). Figure 6.7 
shows that acoustic emissions in the [02/902]S and [902/02]S laminates were first detected at 
about 10% of the normalised stress and then the number of the AE hits increased at a quasi-
steady rate until 60% of the failure stress. Since multiple damage processes occur in the cross-
ply laminates, this similarity implies that other damage processes also occur at the low-
pressure level in the CPVs, such as fibre/matrix debonding or matrix cracking.  
 
When the Type 3 cylinder began emitting acoustic hits after 45 MPa, the number of AE hits 
increased at a faster rate than the Type 4 cylinder, as shown in Figure 6.4. This indicates that 
the damage processes for the Type 3 cylinder under increasing pressure were more active than 
for the Type 4 cylinder. This difference maybe due to differences between the two vessels, 
including their wall thickness, size, and the presence of the fibreglass skin on the Type 3 
cylinder. 
 
Cy2          Cy3         Cy4           Cy5           Cy6 
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Figure 6.6: Cumulative number of AE hits for the [04] laminate under increasing tensile loading. 
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Figure 6.7: Cumulative AE hits for the [02/902]s and [902/02]s laminates under increasing stress. (From Chapter 
3). 
 
 
The acoustic emission signals for the two vessels were analysed for their waveform properties. 
Figure 6.8 shows that two clusters of acoustic hits were identified in the domain of acoustic 
duration and absolute acoustic energy – low duration hit cluster (< 60 µsec) and high duration 
hit cluster (> 60 µsec). As shown in Figure 6.9, multiple AE hits clusters were also detected 
for the cross-ply carbon-epoxy laminates in the same AE property domain, although different 
distributions were found compared to the composite cylinders. It was detected that a second 
population of the AE cluster with high acoustic duration (>103 µsec) and energy (>107 aJ) 
responses was detected for the cross-ply laminates, which is caused by transverse matrix 
cracking in the 90° plies. These results are different to that found for the [0] carbon-epoxy 
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laminate under increasing tensile loading, where a single duration hit cluster  (low duration 
events) was detected, as shown in Figure 6.10. The detection of two clusters of acoustic 
responses for the cross-ply laminates and CPVs indicates that more than one type of damage 
occurs under high tensile/pressure loading whereas the [0] carbon-epoxy laminate is 
dominated by the single damage mechanism of fibre rupture. 
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Figure 6.8: Population density of the AE results for the duration and absolute energy domain detected for the 
Type 3 cylinder (left) and Type 4 cylinder (right) in the increasing pressure test. The colours represent the level 
of population density for a given range of acoustic duration and absolute acoustic energy. 
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Figure 6.9: Population density of the AE results for the duration and absolute energy domain detected for the 
[902/02]S carbon-epoxy laminate loaded to 80% of the failure stress. The colours represent the level of 
population density for a given range of acoustic duration and absolute acoustic energy. 
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Figure 6.10: Population density of the AE results for the duration and absolute energy domain detected for the 
[0] carbon-epoxy laminate under increasing tensile loading to 50% of the failure stress. The colours represent 
the level of population density for a given range of acoustic duration and absolute acoustic energy. 
 
 
Table 6.2 shows that a slightly greater percentage of high duration hits was recorded for the 
Type 3 cylinder (14% of the total AE hits) compared to the Type 4 cylinder. As reported 
previously by other researchers [3-5] as well as in this study (Chapter 3), the duration of 
acoustic emission events can be used to differentiate between different length-scales of 
damage. For example, fibre rupture has a shorter acoustic duration than delamination damage. 
Using this difference, the results suggest that a slightly higher incidence of large-scale 
damage occurred in the Type 3 cylinder.  
 
Table 6.2: Percentage of AE duration hits for the low and high duration clusters for the Types 3 and 4 cylinders 
detected in the increasing pressure test.  
 Type 3 cylinder Type 4 cylinder 
Low duration hit cluster (< 60 µsec) 86% 94% 
High duration hit cluster (> 60 µsec) 14% 6% 
 
 
Supportive evidence that the Type 3 cylinder contained more incidences of large-scale 
damage was provided from the acoustic hit-frequency results. Figure 6.11 shows the acoustic 
frequency distributions for the two types of CPV. The Type 3 cylinder shows an asymmetric 
distribution over the frequency range of 200 to 400 kHz whereas a symmetric frequency 
distribution was recorded for the Type 4 cylinder. The frequency distribution for the Type 3 
cylinder was skewed slightly towards the lower range, and this may be caused by a 
superposition of low frequency (~250 kHz) and medium frequency (~300 kHz) acoustic hits. 
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As reported in Chapter 3, an asymmetric frequency distribution is more likely to occur for a 
composite material that experiences multiple damage types of similar acoustic properties. 
Therefore, it appears that the Type 3 cylinder was more likely to have suffered multiple types 
of damage than the Type 4 cylinder. Figure 6.11 also shows that a similar peak frequency 
level (~300 kHz) was detected for the Types 3 and 4 cylinders, which signifies that both 
cylinders had the same primary damage mechanism. 
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Figure 6.11. Acoustic frequency distribution for the Type 3 cylinder (left) and Type 4 cylinder (right) detected in 
the increasing pressure test. 
 
 
Similar distributions of acoustic frequency hits for the low and high duration-hit clusters were 
identified for the Type 4 cylinder, as shown in Figure 6.12. The distribution for the high 
duration hit cluster was measured over the frequency range of ~200 to 350 kHz with the peak 
number of acoustic hits at 290 kHz, which is slightly lower than that for the low duration hit 
cluster (300 kHz). Due to the similarity in the frequency distribution for the two types of 
duration hit cluster, this indicates that the Type 4 cylinder is less likely to have suffered large-
length scale damage during increasing pressure loading. 
 
Unlike the Type 4 cylinder, different distributions of acoustic frequency hits for the low-
duration and high-duration hit clusters were recorded for the Type 3 cylinder (Figure 6.13). A 
relatively symmetric distribution of frequency responses over the range of 200 to 400 kHz 
was detected for the shorter duration hit cluster, which dominated the AE results for this 
cylinder (86% of the entire AE population). A peak frequency of 300 kHz was determined for 
the low-duration hit cluster, corresponding to that for the Type 4 cylinder. This indicates that 
the majority of AE hits for the Type 3 cylinder have the same frequency distribution as the 
Type 4 cylinder. A slightly lower peak frequency of 270 kHz was identified for the high-
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duration hit cluster for the Type 3 cylinder, and these acoustic hits correlated to the AE 
properties for large length-scale damage detected in the carbon-epoxy laminates, as presented 
in Chapter 3. Since the percentage of high duration, low frequency hits is greater in the Type 
3 cylinder, this indicates that this cylinder should contain more incidences of large-scale 
damage.  
 
0 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
120 150  200  250  300  350  400 430 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
Frequency centroid (kHz) 
0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
120 150  200  250  300  350  400 430 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
Frequency centroid (kHz) 
 
Figure 6.12: Acoustic frequency distribution for the low duration hit cluster (< 60 µsec - left) and high duration 
hit cluster (> 60 µsec – right) for the Type 4 cylinder, detected in the increasing pressure test. 
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Figure 6.13: Acoustic frequency distribution for the low duration hit cluster (< 60 µsec - left) and high duration 
hit cluster (> 60 µsec – right) for the Type 3 cylinder, detected in the increasing pressure test. 
 
 
The differences in the acoustic duration and frequency properties between the Types 3 and 4 
cylinders for the increasing pressure test could be attributed to pre-existing defects in the 
vessel, such as voids, porosity and resin-rich regions, as shown in Figure 6.14. When the 
Types 3 and 4 cylinders completed the long period of cyclic pressure testing, both cylinders 
were cut from the centre in a longitudinal direction, and then sections of the cylinder wall 
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were removed and polished for microscopic analysis. It was observed that the Type 3 cylinder 
had a significant amount of porosity and resin-rich regions, which was greater than for the 
Type 4 cylinder. Usually the formation of porosity in CPVs is associated with the viscosity of 
the resin during the wet winding process. The use of viscous resin can cause insufficient 
wetting of the carbon fibre bundles during winding thereby causing high porosity. It was 
observed that transverse matrix cracks in the Type 3 cylinder often initiated at the voids (as 
shown in Figure 6.14). As a result, a much higher number of transverse matrix cracks 
occurred in this cylinder and therefore a higher number of AE hits with long duration, low 
frequency responses was recorded using AE. 
 
 
Figure 6.14: Microstructures of the damaged Type 3 cylinder (left) and damaged Type 4 cylinder (right). These 
photos of the CPVs were taken after the cyclic pressure testing.  
 
 
In addition to transverse matrix cracking, the microscopy analysis revealed fibre/matrix 
debonding and interlaminar matrix cracking in both cylinders, as shown in Figure 6.15. The 
interlaminar matrix cracking in the cylinders was likely to initiate at a ply interface and then 
propagate along this interface, which could also contribute to the AE events with long 
duration, low frequency properties.  
 
  
Figure 6.15: Fibre/matrix debonding (left) and inter-laminar matrix cracking (right) in the Type 4 cylinder. 
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6.3.2. Characterisation of AE Behaviour of CPVs Subjected to Constant 
Pressure 
Similar trends of cumulative number of AE hits were recorded for the Types 3 and 4 cylinders 
under constant pressure loading, as shown in Figure 6.16. The total number of AE hits for the 
pressure vessels increased at a rapid rate during the initial phase of testing followed by a 
much slower rise over a prolonged period of time. This trend is similar to that measured for 
the [0] carbon-epoxy laminate under constant tensile loading (also shown in Figure 6.16). 
This response is indicative of a time-dependent damage process developing in the CPVs when 
subjected to constant pressure loading. Similar to the [0] laminate, the tensile stress carried by 
the epoxy matrix of the CPVs decreases under constant pressure loading due to viscoelastic 
creep softening. This matrix yielding during the initial phase of loading causes the shear lag 
process to loss efficiency, thereby the fibres in CPVs experience an increase in tensile stress 
which results in a large number of fibre breaks. As the shear lag process stabilises with 
increasing time the rate of AE hits slows due presumably to fibre breaks.  
 
0 
5000 
10000 
15000 
20000 
25000 
30000 
0  4  8  12  16  20  24  28 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
Loading 5me (hour)   
Figure 6.16: Cumulative number of AE hits for the Types 3 and 4 cylinders subjected to a constant pressure test 
at 60 MPa and for the [0] carbon-epoxy laminate subjected to constant tensile loading at 50% of the maximum 
failure stress for a period of 24 hours. 
 
 
It was also found that the number of AE hits for both cylinders during the constant pressure 
test increased at a log-linear rate with time (Figure 6.17). Unlike the two CPVs, the [0] 
laminate under constant tensile loading was found to exhibit a bi-linear relationship between 
the number of AE hits and log(time). Nevertheless, the increase in the number of damage 
events (AE hits) for the laminate was detected at a log-linear rate for the majority of its 
loading time after the initial rapid rise (i.e. after ~ 0.5 hour of the loading time), which agrees 
Type 3 cylinder 
Type 4 cylinder 
UD laminate 
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with that measured for the CPVs under constant pressure loading. The damage rate for the 
cylinders were determined from the log-linear trend lines: 3324 hits/ln(sec) for the Type 3 
cylinder and 1493 hits/ln(sec) for the Type 4 cylinder.  (The rate was 1774 hits/ln(sec) for the 
[0] laminate).  
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Figure 6.17: Number of AE hits increased at a log-linear rate with increasing loading time for the [0] laminate 
and the Types 3 and 4 cylinders in the constant tensile /pressure test. The gradient of the trend lines are given. 
 
 
Two clusters of acoustic duration responses were identified for the CPVs during the constant 
pressure test, as shown in Figure 6.18. Similar to the AE results for the increasing pressure 
test, the low duration hit cluster and high duration hit cluster were separated by the period 
below and above 60 µsec, respectively. The percentage of high duration hits was greater in 
the Type 3 cylinder; Table 6.3 shows that 18% and 4% of the total AE hits were in the high-
duration hit cluster for the Types 3 and 4 cylinders, respectively. As discussed, the high 
duration hits correspond to large-scale damage in the CPVs. This means that the Type 3 
cylinder under constant pressure loading was also identified to have higher incidences of 
large-scale damage, as was detected in the increasing pressure test. 
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Figure 6.18: Population density of AE results for the duration and absolute energy domain detected for the Type 
3 cylinder (left) and Type 4 cylinder (right) in the constant pressure test. The colours represent the level of 
population density for a given range of acoustic duration and absolute acoustic energy. 
 
Table 6.3: Percentage of AE duration hits for the low and high duration hit clusters for the Types 3 and 4 
cylinders detected for the constant pressure test.  
 Type 3 cylinder Type 4 cylinder 
Low duration hit cluster (< 60 µsec) 82% 96% 
High duration hit cluster (> 60 µsec) 18% 4% 
 
 
Similar acoustic frequency properties were identified for the CPVs under increasing pressure 
or constant pressure loading. These similarities included an asymmetric acoustic frequency 
response for the Type 3 cylinder and a symmetric frequency response for the Type 4 cylinder 
over the range of 200 to 400 kHz, as shown in Figure 6.19. Since the AE properties for the 
two CPVs under increasing and constant pressure loading were similar, the damage 
mechanisms for the CPVs for these two loading cases are almost certainly the same.  
 
0 
500 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
120 150  200  250  300  350  400 430 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
Frequency centroid (kHz) 
 
0 
500 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
120 150  200  250  300  350  400 430 
N
u
m
b
e
r 
o
f 
A
E
 h
it
s 
Frequency centroid (kHz) 
 
Figure 6.19: Acoustic frequency distribution for the Type 3 cylinder (left) and Type 4 cylinder (right) detected 
for the constant pressure test. 
Duration = 60 µsec Duration = 60 µsec 
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The asymmetric frequency distribution found for the Type 3 cylinder under constant pressure 
loading was composed of low frequency and high frequency distributions with the peak 
values of 250 and 300 kHz, respectively. As identified in the increasing pressure test, the 
lower frequency AE hits are indicative of large-scale damage. This bimodal frequency 
distribution agrees with the AE frequency properties for the cross-ply carbon-epoxy laminates 
where multiple types of damage occur during tensile loading, as reported in Chapter 3. 
Similarly, the lower frequency AE hits were characterised with longer duration and higher 
energy responses, which are likely to be caused by matrix cracking. However, this frequency 
result is different to that for the [0] carbon-epoxy laminate under constant tensile loading 
when a single AE hit-frequency distribution was recorded, signifying a single dominant 
damage mechanism involving fibre breakage. This is probably because CPVs can also be 
loaded off the fibre axis due to the biaxial loading when the cylinder is pressurised, and as a 
result matrix cracking is more likely to develop.  
 
 
6.3.3. Structural Health Monitoring of Composite Pressure Vessels During 
Cyclic Pressure Loading 
A constant pressure test was performed periodically on the Types 3 and 4 cylinders following 
intervals of cyclic pressure loading. It was found that the cyclic pressurisation affected the 
damage development in the CPVs. Table 6.4 shows that the total number of AE hits decreased 
with an increasing number of pressure cycles. Assuming that fibre rupture is the primary 
damage process in the CPVs, then this decreasing trend in the total number of AE hits with 
increasing the number of pressure cycles is related to a rise in the minimum strength of the 
remaining intact fibres in the cylinders. When fibre breakages occur in the CPVs during cyclic 
pressurisation, the minimum strength of the remaining intact fibres must increase. As a result, 
it becomes more difficult to break the remaining intact load-bearing fibres in the cylinder, and 
consequently less acoustic noise was detected.  
 
Table 6.4: Total number of AE hits for the Types 3 and 4 cylinders detected for the periodic constant pressure 
tests at 0, 100, 1000, 5000 and 15000 cycles. 
 Type 3 Cylinder Type 4 Cylinder 
0 cycle 26152 hits 11748 hits 
100 cycles 5155 hits 1394 hits 
1000 cycles 2060 hits 666 hits 
5000 cycles 6294 hits 380 hits 
15000 cycles Failed 292 hits 
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A large jump in the total number of AE hits for the Type 3 cylinder was detected following 
5000 pressure cycles, as shown in Table 6.4; the number of AE hits was three times greater 
than that recorded at 1000 cycles. The Type 3 cylinder ruptured due to fatigue-induced 
cracking of the metal liner when the cyclic pressure testing continued to 15000 cycles. This 
suggests that the large rise in the number of AE hits at 5000 cycles was an indication of 
damage associated with the upcoming failure of the metal liner. 
 
Table 6.5 shows that the percentage of acoustic duration responses above 60 µsec detected for 
the Type 3 cylinder after 5000 cycles increased slightly (~6%). This rise in the number of 
high duration hits indicates the possibility of large-scale damage occurring in the vessel 
during this stage of the test. This is supported by the AE frequency analysis of the CPVs; two 
distributions were identified over the frequency range of 200 to 360 kHz for the Type 3 
cylinder at 5000 cycles, as shown in Figure 6.20. The peak frequency of these two 
distributions was 250 and 300 kHz. Comparing the frequency results for the Type 3 cylinder 
at 0 cycle (Figure 6.19), a significant rise in the number of low acoustic frequency hits was 
identified after 5000 cycles. As discussed, the low frequency distribution could be caused by 
large-scale damage associated with the liner failure. This indicates that the numbers of both 
low frequency and high duration hits can increase during pressure testing of a damaged CPV 
when close to rupture.  
 
Table 6.5: Percentage of AE duration hits for the low and high duration hit clusters for the Type 3 cylinder (Top) 
and the Type 4 cylinder (Bottom) detected for the constant pressure tests at 0, 100, 1000, 5000 and 15000 cycles. 
 Number of pressure cycles 
 0 100 1000 5000 15000 
Low duration hit cluster (< 60 µsec) 82% 87% 83% 77% Failed 
High duration hit cluster (> 60 µsec) 18% 13% 17% 23% Failed 
 
 
 Number of pressure cycles 
 0 100 1000 5000 15000 
Low duration hit cluster (< 60 µsec) 96% 98% 95% 96% 96% 
High duration hit cluster (> 60 µsec) 4% 2% 5% 4% 4% 
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Figure 6.20: Acoustic frequency distributions for the Type 3 cylinder (Left) detected after 5000 cycles and Type 
4 cylinder (Right) detected after 15000 cycles. 
 
 
Unlike the Type 3 cylinder, the percentage of high duration hits for the Type 4 cylinder at 
each interval of pressure cycles were within 5% of the total AE hits (as shown in Table 6.5). 
Also, a symmetric frequency distribution with the peak frequency of 300 kHz was measured 
for the Type 4 cylinder at the different intervals of cyclic pressurisation (Figure 6.20). These 
results further support that a steady increase in the number of high acoustic duration hits (i.e. 
above 60 µsec) and low acoustic frequency hits (i.e. between 200 and 250 kHz) in the 
periodic constant pressure tests should be expected at each interval of cyclic pressure loading 
when the damage activity in CPVs is progressing stably. 
 
When the total number of AE hits is plotted against the number of pressure cycles then a 
logarithmic trend is found for both cylinders. Figure 6.21 shows that the number of AE hits 
decreased at a log-linear rate for the two cylinders. However, an outlier to the log-linear trend 
was identified for the Type 3 cylinder at 5000 cycles, signifying significant damage. This 
result reveals that when the total number of AE hits detected after a given interval of pressure 
cycles deviates from the log-linear trend, then the cylinder is about to rupture. This 
demonstrates that the use of AE in cyclic pressure testing has the potential for evaluating the 
structural integrity of a CPV, and may be used as a possible SHM approach.  
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Figure 6.21: The logarithm of the total number of AE hits versus the logarithm of the number of pressure cycles. 
The data point represents the total number of AE hits for the Types 3 and 4 cylinders detected for the periodic 
constant pressure tests at 0, 100, 1000, 5000, and 15000 cycles. 
 
 
A similar analysis has been reported by Bunsell et al [2] who used the constant pressure test 
for structural evaluation for a CPV. Bunsell et al [2] also found that the total number of AE 
hits decreased with increasing number of pressure cycles. However, the study involved using 
a master curve that identified the maximum damage threshold level for a CPV over a period 
of cycles to evaluate the structural integrity. As shown in Figure 6.22, when the number of 
AE hits exceeds the maximum damage threshold level then the cylinder is expected to be 
close to rupture. In practice, however, the application of the damage threshold approach is 
limited because it requires a large amount of experimental testing and validation work on 
cylinders to determine the master curve. In this study, the SHM assessment based on 
evaluating the log-linear trend of damage development could be an alternative method since it 
does not need to identify the damage threshold level for CPVs. However, to be a more reliable 
approach for damage rate evaluation, an extended study is needed to verify this inspection 
testing for other failure types of CPVs, particularly the cylinder ruptures due to composite 
damage (i.e. fibre ruptures or delamination). 
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Figure 6.22 : A structural integrity assessment of a pressure vessel using periodic assessments by AE in the 
cyclic  pressure test. The number of events is compared to the master curve. The pressure vessel shows a sign of 
structural instability at 105 cycles defined by when the number of AE hits detected is at or beyond the damage 
threshold level on the master curve. (From Bunsell et al. [2]). 
 
 
6.4. SUMMARY 
The AE properties of damage to two types of CPVs have been investigated using an 
increasing pressure test, constant pressure test, and cyclic pressure test. Due to the multiple 
damage mechanisms that occur in CPVs, it was difficult to reliably distinguish between the 
different damage types using AE. Instead, the global development of AE responses for the 
cylinders was analysed. Similar AE responses were identified between the CPVs and the [0] 
carbon-epoxy laminate when both were subjected to increasing pressure/tensile loading as 
well as constant pressure/tensile loading. These similarities include a rise in the total number 
of AE hits with increasing stress for the undamaged UD laminate/CPV and a delay to AE hit 
initiation for the UD laminate/CPV which have been preloaded or proof-tested in the post-
tensile/pressure loading tests. The number of AE hits was found to increase at a log-linear rate 
with increasing loading time when the cylinder or laminate were subjected to constant loading. 
These similarities arise because the load-bearing fibres in a pressurised cylinder fail in the 
same way as in a tensile-loaded [0] laminate. This validates the hypothesis in Chapters 4 and 
5 that the [0] carbon-epoxy laminate can be used as a simplified material system to evaluate 
the fibre rupture process in CPVs.  
 
The Type 3 cylinder was found using AE to have more incidences of medium-to-large scale 
damage than the Type 4 cylinder in both the increasing and constant pressure tests. A greater 
percentage of high duration (>60 µsec), low frequency (~250 kHz) acoustic hits was recorded 
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for the Type 3 cylinder for both loading conditions. As reported in Chapter 3, this type of AE 
response is indicative of the formation of medium-to-large scale damage (e.g. matrix cracking 
or delaminations). It was further supported by the asymmetric frequency distribution 
identified for the Type 3 cylinder, where one of the frequency distributions containing a lower 
range of acoustic frequency events were likely caused by the medium-large damage. Since 
voids in the CPV can be sites for the formation of large matrix cracks, it is possible that the 
Type 3 cylinder experienced more damage due to the presence of pre-existing voids and other 
manufacturing defects. 
 
Structural health monitoring of CPVs using AE was performed periodically during the 
constant pressure test. The Types 3 and 4 cylinders were subjected to cyclic pressurisation to 
15000 cycles, corresponding to the number of cycles for about 15 years of service on road 
vehicles. The constant pressure test was performed to evaluate the structural integrity of the 
cylinders after 0, 100, 1000, 5000 and 15000 pressure cycles. It was found that the total 
number of AE hits decreased at a log-linear rate with increasing the number of cycles. An 
outliner to the log-linear trend was identified for the Type 3 cylinder at 5000 cycles, which 
ruptured during subsequent fatigue loading to 15000 cycles. At 5000 cycles, the percentage of 
high duration acoustic hits (> 60 µsec) increased suddenly which indicates that when the total 
number of AE hits deviates from the log-linear trend then failure may be expected. In this 
study, the SHM assessment based on evaluating the log-linear trend for the total number of 
AE hits could be an alternative method to the maximum damage threshold criterion proposed 
by Bunsell and colleagues [2]. 
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7.1.  SUMMARY OF MAJOR RESEARCH FINDINGS AND CONCLUSIONS 
This PhD project has contributed to the scientific and technical groundwork needed for the 
development of structural health monitoring system for composite pressure vessels used for 
fuel gas storage (natural gas or hydrogen gas) on road vehicles. The project involved a 
fundamental study into the identification and characterisation of in-service damage to CPVs 
using AE. A FE model was also developed in this project to analyse the long-term fibre 
damage process to carbon-epoxy laminates used in CPVs. The project involved four major 
research activities: 
! Characterisation of the AE properties of carbon-epoxy laminates (and their constituent 
materials) used as the structural material in CPVs (presented in Chapter 3) 
! Examination of operation-related damage to carbon-epoxy laminates used in CPVs using 
AE (presented in Chapter 4) 
! Finite element modelling of the fibre rupture process in carbon-epoxy laminates used in 
CPVs (presented in Chapter 5) 
! Characterisation of the AE properties of two types of composite (carbon-epoxy) pressure 
vessels used on road vehicles (presented in Chapter 6). 
 
The PhD project involved an experimental study which systematically characterised the AE 
properties of different carbon-epoxy laminates ([0], [90], [0/0/90/90/90/90/0/0] and 
[90/90/0/0/0/0/90/90] composites) and their constituent materials (dry carbon fibre bundles 
and unreinforced epoxy resin). The study used these different materials to characterise the 
acoustic signature properties for different types of damage that can occur in carbon-epoxy 
laminates under tensile loading, which is the stress state experienced by the composite wall in 
pressure vessels. The types of damage that can occur are fibre breakage, fibre/matrix 
debonding, matrix cracking and delamination cracking. The AE properties for carbon fibre 
rupture (from the [0] laminates) and fibre/matrix debonding and transverse matrix cracking 
(from the [90] laminate) were successfully identified using the acoustic power spectrums 
when just one type of damage was dominant in the material. However, both carbon fibre 
breakage and fibre/matrix debonding have similar acoustic properties including 
approximately the same acoustic amplitude, rise-time, duration and frequency. This similarity 
makes it difficult to reliably distinguish between these two types of damage using AE when 
they occur concurrently within a carbon-epoxy laminate. The only type of damage that could 
be easily identified using AE was transverse matrix cracking, which was characterised by an 
extremely high acoustic energy. The high energy was attributed to the relatively large damage 
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zone formed by a transverse matrix crack (in the order of several hundred microns in length) 
compared to discrete fibre breaks or individual fibre/matrix debonding (which are in the order 
of 7-12 microns).  
 
While the acoustic power spectrum can be used to identify fibre breakage from fibre/matrix 
debonding when just one of these types of damage was dominate in the composite material, 
the spectrum analysis could not distinguish between damage types when they occurred 
concurrently in cross-ply laminates. The only type of damage that could be identified with 
confidence using AE were high-energy transverse matrix cracking events. Therefore, the 
approach of characterising the AE signature for fibre breakage or fibre/matrix debonding 
using one type of laminate (such as a [0] or [90] material) and then using the signature 
properties to identify damage types in another type of laminate (such as a cross-ply or quasi-
isotropic material) was found to be a flawed approach despite being used as a damage 
discrimination method in some published scientific studies. The study concluded that 
identifying different types of damage in a CPV based on their AE signature properties was not 
possible, with the exception of high energy events such as transverse matrix cracks and 
delaminations. Despite the difficulty in reliably identifying and quantifying the fibre 
breakages in CPVs using AE, the method was still able to provide a qualitative assessment of 
the structural integrity of the cylinder based on the total number of AE events.  
 
The PhD project investigated the AE detection of operation-related damage to carbon-epoxy 
laminates which are representative of the structural material used in CPVs. The study used a 
unidirectional carbon fibre/epoxy material because failure of the load-bearing fibres is the 
most important damage event affecting the long-term structural integrity of CPVs. First, the 
behaviour of a [0] laminate under long-term tensile creep loading (at very high applied stress) 
until rupture was investigated using AE. This loading condition replicated the loading on a 
CPV when held at constant internal gas pressure. It was found that the amount of damage (AE 
hits), which was mostly fibre breakage, increased rapidly over an initial, short period of 
loading. This rapid rise in AE hits was attributed to the rapid failure of the weakest carbon 
fibres (which contained the largest pre-existing flaws) which had failure strengths lower than 
the applied tensile stress. Following this initial phase, AE revealed that the rate of damage 
development slowed considerably with increased loading time due to the high strength of the 
remaining intact fibres and the efficacy of shear lag to transfer stress between the ligaments of 
broken fibres. The final stage of constant loading involved another rapid rise in the number of 
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AE hits, caused by a large number of fibre breakages which ultimately lead to tensile failure 
of the laminate.  
 
Constant pressure tests performed on two CPVs showed similar AE behaviour to that detected 
for a [0] laminate under constant tensile (creep) loading. The time-to-rupture for fifteen 
laminates that were tested under identical loading condition varied significantly, and this was 
most likely due to material variability attributed to the stochastic fibre strength and fibre 
content properties. The research suggested that the time-to-rupture of CPVs under constant 
pressure loading may also vary over a wide range; rather than being a single, well-defined 
failure time. The long-term creep rupture tests also revealed that the onset of tensile failure 
can be estimated using probability-based analysis of the total number of AE hits. This so-
called maximum damage threshold, which is based on the total AE hits, could be used as a 
criteria in life prediction analysis of CPVs. When the total number of acoustic events exceeds 
the damage threshold then the CPV is expected to be close to rupture.  
 
The PhD project examined the use of AE to detect damage in carbon-epoxy laminates 
following intervals of cyclic tensile stress loading, which simulated the cyclic pressurisation 
and depressurisation of CPVs over their service life. It was found that the total number of AE 
hits generated by a [0] laminate increased at a log-linear rate with the number of loading 
cycles. This trend was similar to the damage detected in a [0] laminate under constant tensile 
loading. The log-linear trend can be used to estimate the further development of damage 
under cyclic or constant stress loading, and when the total number of AE hits reaches the 
damage threshold then tensile rupture will soon occur. This approach could be a potential 
method for estimating the residual life-time for CPVs.  
 
It was found that when the [0] carbon-epoxy laminate was subjected to increasing tensile 
loading following cyclic or constant tensile loading, then AE hits were not recorded until the 
stress level which had been previously applied was exceeded. This was attributed to the 
Kaiser effect behaviour of the laminate, and occurred because fibre breakage and other 
damage processes could only develop when the pre-existing damage level was exceeded. This 
is an important effect when performing AE monitoring of CPVs because it revealed that 
acoustic events can only be detected when the applied stress (or internal pressure) exceeds 
any previously applied level.  
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The PhD project investigated the effect of high temperature on the AE properties of [0] 
laminates to better understand the use of the technique to monitor the environmental 
deterioration of CPVs. Pressure vessels on compressed-natural-gas vehicles are required to 
operate at elevated temperature (up to about 80oC) without experiencing significant 
degradation. It was found that the total number of AE hits recorded for the [0] laminate during 
constant tensile loading increased sharply when the operating temperature approached the 
glass transition temperature (Tg). The matrix properties were reduced at temperatures close to 
Tg and as a result the efficiency of the shear lag process to transfer stress between broken 
fibres was severely diminished. This caused a large increase in the number of fibre breakages 
which was detected using AE. This work showed that when the operating temperature 
approaches the Tg this can accelerate the fibre rupture process in laminates (as well as in 
CPVs). The project also showed that the Tg of the carbon-epoxy materials used in CPVs are 
reduced when saturated with water due to long-term exposure to a humid environment. 
Therefore, it is necessary to determine the Tg of pressure vessels due to water absorption by 
the composite wall and ensure that the operating temperature is well below this value. 
 
As mentioned, AE monitoring revealed that the accumulation of damage (mostly in the form 
of fibre breaks) vary significantly between [0] carbon-epoxy laminate specimens when loaded 
at constant tensile stress. That is, the time-to-rupture can vary greatly between nominally 
identical samples of the same composite material. This observation has significant 
implications on predicting the structural integrity and remaining lifetime of CPVs when using 
AE. This problem was studied further by theoretically analysing the stochastic nature of the 
fibre rupture process in [0] laminates using finite element (FE2) modelling. An FE2 model was 
developed using a multi-scale approach that involved analysing discrete fibre failure events at 
the microscopic level and then using this information to analyse the bulk tensile properties of 
the laminate. The model examined two possible causes for the variable time-to-rupture 
behaviour of carbon-epoxy materials used in CPVs: stochastic fibre strength and fibre content 
properties. The fibre strength and fibre content of the laminate were assumed to follow a two-
parameter Weibull distribution (based on experimental data). A representative volume 
element cell containing 32 carbon fibres with variable strength properties and spatial 
distributions (local volume fractions) was used to model the laminate at the microscopic scale. 
This information was then used to analyse the rupture strength of the laminate at the 
macroscopic scale assuming homogenous (bulk) properties. The FE2 analysis revealed that the 
stochastic material properties had little effect on the bulk tensile strength of the laminate, 
however it had a large influence on the time-to-rupture under constant tensile loading. Good 
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agreement was found between the experimental and calculated time-to-rupture curves for 
laminates subjected to constant tensile loading. The variations in fibre strength and, in 
particular, fibre content had a large impact on the long-term tensile performance. The FE2 
analysis provided useful information for the improved design and manufacturing of CPVs. 
That is, maximising the fibre content together with minimising the variability of fibre content 
of the laminate can greatly prolong the service life of CPVs.  
 
The modelling work provided the theoretical basis supporting the stochastic nature of fibre 
failure in the laminate used in pressure vessels, which is predicted to result in large scatter to 
the time-to-failure for nominally identical vessels. For this reason, any criteria for predicting 
the safe operating life of pressurised vessels using AE must be based on a probability-based 
failure criteria. Cumulative probability functions for time-to-rupture of [0] laminates loaded at 
various constant stress levels were calculated using the FE2 model. Functions for the time-to-
rupture for a given failure probability were calculated at different working stress levels. It is 
believed that these types of predictive functions provide a means to calculate the safety factor 
for laminates used in CPVs. Since high margin of safety are currently applied to the design of 
CPVs due (in part) to uncertainties about the tensile properties and long-term mechanical 
performance of their composite materials, this FE2 analysis provided a new theoretical method 
to calculate the safety factor for CPVs which takes into account the effect of variable fibre 
strength and fibre content properties.  
 
From a practical perspective, the PhD project investigated the detection of damage in CPVs 
using AE. The study involved using AE to monitor the acoustic signatures under the three 
major loading conditions for CPVs: increasing pressurisation when the vessel is being filled 
with gas; constant pressure when the vessel is holding gas; and cyclic pressure when the gas 
pressure is repeatedly being increased and reduced during service. The work performed on 
laminate specimens revealed that it was difficult to reliably discriminate fibre failures from 
other damage events, and therefore the AE analysis for CPVs should be confined to 
measuring the total number of acoustic hits.  
 
It was found that the total number of AE hits in [0] carbon-epoxy laminates and CPVs 
increased at a similar rate under both increasing tensile loading or constant tensile loading. It 
was also found that the total number of AE hits increased at a log-linear rate with increasing 
time for the two CPVs and the [0] laminate when loaded at constant pressure. This work 
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supported the hypothesis that a [0] carbon-epoxy laminate can be used as a simplified material 
system to replicate the fibre failure process in CPVs.  
 
Structural health monitoring of CPVs under cyclic pressure loading was evaluated. The 
cylinders were subjected to a total of 15000 cycles, which is approximately equivalent to 15 
years of service on a road vehicle. During the entire course of the cyclic pressure test, 
structural health analysis was performed periodically at different intervals of pressure cycles 
(i.e. 0, 100, 1000, 5000 and 15000 cycles) by monitoring the composite vessels using AE. It 
was found that the total number of AE hits decreased at a log-linear rate with increasing the 
number of pressure cycles for the two types of CPVs. However, a sharp rise in the number of 
AE hits, which resulted in a large departure from the log-linear trend, occurred when the 
vessel was approaching final failure and this can be used as a criteria for predicting the onset 
of failure. In other words, it can be assumed that a cylinder is close to the rupture when the 
number of AE hits is no longer following the log-linear relationship with respect to the 
number of pressure cycles.  
 
This PhD project has developed an alternate approach for evaluating the structural integrity of 
CPVs. Although AE is unlikely to quantify the number of fibre failure events in a CPV, AE is 
still capable of evaluating the structural integrity of the cylinder by monitoring the global 
damage development.  
 
 
7.2. FUTURE RESEARCH AND DEVELOPMENT WORK IN SHM OF CPVS 
The research work performed in this PhD study developed the theoretical and experimental 
basis for the long-term damage of in-service CPVs, and this supports the development of a 
SHM prognostic system which is capable of predicting residual life-time. A number of future 
research studies have been identified to incorporate the information on the long-term damage 
process into the development of a damage prognostic model for CPVs. 
 
In this PhD project, AE monitoring exhibited the potential of facilitating damage prognosis 
analysis of [0] laminates which included i) determining the maximum damage threshold, ii) 
identifying the current damage content, and iii) estimating the further damage content of the 
material. In the damage prognosis of CPVs, a damage allowable content can be calculated by 
the difference between the maximum damage threshold and current damage level. Following 
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that, the residual life-time of the cylinder can be calculated using the remaining damage 
allowable content and the estimated further damage rate. It is important to note that the three 
components of the damage prognostic model must have the common parameter of knowing 
the damage content (i.e. the number of AE hits) throughout the analysis.  
 
Further studies using AE can be conducted to investigate the means of performing life 
prediction analysis of [0] laminates based on the components of the damage prognosis model. 
First, since the maximum number of broken fibres at final failure of [0] laminates can vary (as 
discussed in sections 4.3.2 and 5.6.2.2), it is necessary to experimentally characterise the 
maximum damage threshold of the laminates (measured by AE) using probability analysis. 
From this, a more reliable value of the damage threshold level for [0] laminates with a certain 
reliability rate can be obtained. Second, Kaiser effect analysis of [0] laminates showed the 
possibility of identifying the damage content of [0] laminates caused by prior loading cases. 
However, the Kaiser effect analysis measured the damage content of [0] laminates in terms of 
tensile stress level. Thus, a further study is needed to identify the means of converting the 
measured damage content described by a tensile stress value to the equivalent amount of 
damage (or AE hits). Thereby, the information of the measured damage content can be used 
in the damage prognostic model. Third, the PhD study revealed that variable rates of long-
term cyclic or creep damage to [0] laminates were found. To accurately predict the maximum 
amount of damage caused by further damage loading, it is important to characterise the scatter 
in the damage rate using probability analysis. Finally, a validation analysis on the damage 
prognostic model must be conducted. 
 
In this PhD study, a simple SHM system was proposed to assess the structural integrity of in-
service CPVs by monitoring the global damage activity. The proposed system successfully 
identified the upcoming cylinder failure of the Type 3 vessel. The advantage of the proposed 
SHM system is not requiring the damage history of CPVs to evaluate the structural integrity, 
and therefore it appears to be applicable to an industrial health monitoring system for CPVs 
used on road vehicles. To further evaluate the capability of the SHM system, it is necessary to 
examine the system against other possible causes of rupture to in-service CPVs, such as 
accumulation of fibre breakage and large-scale delaminations.  
 
The multi-scale FE2 fibre rupture model developed in this PhD project successfully revealed 
the effect of stochastic fibre strength and fibre content properties on the fibre rupture process 
in [0] laminates under increasing tensile loading or constant tensile loading. Since fibre 
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rupture clustering was found to be the most critical damage parameter inducing failure of 
laminates, this FE2 model can be further applied to investigate the initiation and evolution of 
fibre rupture clusters under tensile loading. In particular, the coalescences of fibre rupture 
clusters prior to tensile failure appeared to be a warning sign of structural instability of the 
laminate, and so it is important to analyse the local coalescence behaviour of the damage 
clusters and its effect against structural instability.  
 
Using the FE2 model, stochastic material strength of [0] laminates caused by the effects of 
random fibre strength and fibre content properties was successfully characterised. Based on 
this, a new numerical method for quantifying the margin-of-safety of [0] laminates which 
takes into account the variability of the fibre properties was developed. A further study can be 
performed to analyse the safety factor of CPVs using the FE2 model. In this study, other 
material variables such as the mean value and variability of fibre content can be analysed for 
its effect on the variation in the safety factor for composite cylinders. This analysis will be 
beneficial to the design and manufacturing of CPVs.  
 
 
